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Abstract 

Compressor station (CS) is an essential and an integral part of gas pipeline, providing gas 

transportation by means of power equipment, installed at CS. It serves as a control element in the 

complex of buildings, belonging to the trunk gas pipeline. It is by compressor station operation 

parameters the pipeline operation mode is defined. Presence of CS allows to adjust an operation mode 

of the gas pipeline at gas consumption fluctuations, using the maximum of the gas pipeline storage 

capacity.  

During the operation of compressor station there can occur some infractions of gas pumping unit 

(GPU) electro-receivers power supply, leading to a forced or emergency stop of at least one GPU of 

CS. Wind power plants can be used as a backup power supply. Years of national and international 

experience show that the use of wind power plants of low power (up to 5-6 kW) is almost always 

economically feasible in areas with average annual wind speed VAV. AN. of more than 3.5-4.0 m/s. The 

use of high-power wind power plants is justified in cases when VAV. AN. exceeds 5.5-6.0 m/s.  

In the master's thesis the possibility of wind power plants exploitation for uninterrupted operation of 

auxiliary power plant (APP), which is a part of compressor station, is considered. 

In the first chapter of the thesis the condition and reliability of CS power supply system of trunk gas 

pipelines (TGP) is examined. Besides the issues of energy supply and gas facilities stability are 

considered; the categories of electrical receivers, as well as factors, providing the sustainability and 

reliability of compressor station, are defined. In the last section of this chapter the volumes of power 

consumption at compressor station and auxiliary power plant are considered.  

The second chapter provides a classification of wind turbines, their design and wind flow 

characteristics, as well as the methods for wind climatic characteristics determination at a given 

territory. Particular attention is paid to offshore wind turbines as the most promising wind energy 

installations.   

The third chapter presents environmental aspects of wind power industry: an impact on fauna, acoustic 

noise, vibration impact, radio waves interference, air pollution, land use, visual impact, tourism and 

recreation zones.  

The fourth chapter represents the consideration of wind turbine exploitation, including the 

development of a wind energy project, the power generation base cost definition, as well as the ways to 

reduce the costs of power generation and prospects of development and usage of wind power industry 

in the Russian Federation. 
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1. Introduction 

Development of our civilization is accompanied by an increase of human beings’ need in energy. 

Meeting these needs is mainly performed due to traditional fuel processing. However the reserves of 

such fuel are limited and the rate of fuel consumption increases every single day. It can cause serious 

energy problems. But even if we are able to avoid any energy crisis, the humanity will inevitably face 

the fact that reserves of traditional fuel will be exhausted.  Therefore we need to find the energy 

sources that would not run out over time. 

The global economy has three distinctive characteristics. First of all, fossil resources are exhaustible. 

Applied to nowadays rates of power consumption oil reserves (35% of the world power supply) will be 

exhausted in about 40-45 years, gas reserves (20%) – in 60 years, coal reserves (26%) – in 130 years. 

Nuclear fuel reserves (considering the current production costs of 80 $/kg) will last during about 36 

years, and in case of fast neutron reactors using – about 1000 years. However, in spite of such 

optimistic forecasts, we must consider that nuclear energy can only partially replace the need for 

energy. Secondly, the release of hazardous substances during the conversion of fossil fuels leads to 

global environmental crisis, which intensifies more and more with every year. Thus, in the course of  

recent years about 500 environmental disasters, which are mainly caused by the release of hazardous 

substances, occur every year. Thirdly, deposits of natural resources are located only in few areas of the 

world, but they are needed everywhere, where people live and work, i.e. the mining of these resources 

is centralized and the consumption is decentralized. In this regard, Russia can be characterized as a 

country with an economy of natural resources. 

Ever-increasing levels of consumption and depletion of fossil fuel, observed in recent years, lead to a 

constant and stable increase of its value. Such trends form a real risk of economic crisis because of 

energy reserves prices growing. 

The existence and further development of society cannot be imagined without the production, 

distribution and consumption of energy, including electricity. Only in our country the total 

consumption of electricity is more than 120 billion kWh per year. Most part of it is used in industry. 

If the current pace of growth of fossil fuel resources consumption and the structure of energy 

production will remain unchanged, then by the end of the next century, we can expect a very 

significant negative impact on habitat of mankind. This is not so much the threat of complete 

exhaustion of all known (at that moment) non-renewable reserves of fossil fuel on Earth, but the 

damage that can be caused by emissions of fuel to the atmosphere. On the one hand, solid and gaseous 

substances, emitted by thermal power stations, adversely affect the health of people, which leads to 

decrease of peoples’ life expectancy and additional mortality rate. From the other hand, fossil fuel 

burning is a source of heat of our planet surface and its atmosphere. Together with ‘greenhouse effect’ 

manifestation the thermal pollution can lead to local or even global considerable change of the Earth's 

climate. 

An important feature of the existing energy system of Russia is its high centralization. The country has 

a relatively small number of large coal, oil and gas deposits, which provide almost all production of 

fossil fuels in the country. Approximately 90% of the total volume of electricity are produced by large 

electric power stations on fossil fuel, hydraulic and nuclear power plants, which produce electricity to 

an extensive power network, formed by powerful high-voltage power lines. Downside of such 

centralization is the significant material and financial costs of fuels and energy transportation, as well as 

significant loss of energy at its transportation for long distances. 

Power supply of gas industry companies is provided by power grid network or from own power plants, 

equipped by electric generating sets with a piston or turbine drive. Most numerous and important 
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power supply objects in gas industry are gas transportation companies compressor stations (CS) trunk 

gas pipelines (TGP).  

Uninterrupted supply of CS at trunk gas pipeline with electricity mainly provides the stability, reliability 

and effectiveness of the whole industry operation. Compressor stations of trunk gas pipelines belong 

to the first category of electric consumers, electric power supply of which is not allowed to be 

interrupted.  

Due to the growth of electricity rates and power lines aging, as well as an increasing number of 

accidents on lines, the earlier chosen policy of connecting virtually all the compressor stations to the 

centralized power generation sources turned out not to be effective enough. 

Over the past few years electricity rates have increased significantly, and the cost of electricity with 

respect to the cost of gas in corresponding equivalent has increased by several times. This tendency is 

to be continued in the future, regardless the federal and regional regulations of electricity prices. To a 

large extent it is due to the aging of production assets of electric power utilities and the need for either 

their replacement or reconstruction. Such electric carriers as coal and fuel-oil, which in general use 

power plant fuel balance take a large share, is getting more expensive as well. 

High rates for purchased electricity affect the increase of current costs in production and 

transportation of gas, reduce the profitability of manufacturing enterprises of OJSC “Gazprom”. These 

circumstances make it necessary to actively seek ways to reduce costs on energy reserves, as well as to 

search for alternative sources of energy.  

Renewable sources of energy and renewable raw materials are an alternative to fuel organic resources. 

Renewable sources of energy is, first of all, solar energy and its transformed components – hydro-

energy, energy of biomass and wind. Solar energy is resources potential, which far exceeds the capacity 

of the minerals resources. The volume of energy, transferred to the Earth by the Sun, is 15000 times 

more than an annual consumption of fossil sources.  

Thus, it is clear that the further development of the energy is connected with more reasonable methods 

of energy production and consumption, namely, with a large-scale development of clean, renewable 

energy. This direction of power industry development is particularly important for the regions with a 

high potential for renewable energy sources, as well as for the regions, characterized by significant 

contamination of the environment.  

The thesis reviews the condition and reliability of the electricity supply system for compressor stations 

of trunk gas pipelines, the current state of development of renewable energy industry is analyzed, a 

classification and designs of power plants, based on renewable energy sources, as well as their 

operation principle are introduced. There also introduced characteristics of the impact of these systems 

on the environment, their economic performance indices; methods of economic assessment of power 

plants efficiency and their most important parameters are examined.  

The thesis proposes a method of wind turbine using for the provision of continuous operation of 

auxiliary power plant at CS “Baidaratskaya” 

 

 

 

.  
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2. Condition and reliability of power supply system for 
compressor stations of trunk gas pipelines 

  
2.1 Electricity supply system and energy sustainability of gas facilities 

 
Power supply system is a complex of sources and systems of conversion, transmission and electric 

energy distribution. Power supply system does not usually include consumers (or electricity receivers). 

The following requirements are to be met by power supply systems (PSS):  

 reliability and continuity of power supply to consumers; 

 quality of electric energy on consumer input ; 

 safety of PSS elements maintenance;  

 unification (modularity, standardization); 

 economic efficiency (includes such concepts as energy efficiency and energy conservation);  

 ecological compatibility;  

 ergonomics.  

Power supply systems are classified according to the following features: 

 the type of electric power sources – electrochemical, diesel-electric, nuclear, etc; 

 configuration – centralized, decentralized, combined; 

 type and frequency of the current - direct current, alternating current (50 Hz), alternating 

current (400 Hz), etc;  

 number of phases– one-, two-, three- and multi-phase;  

 neutral mode – with isolated neutral, earthed neutral, compensated neutral, etc;  

 power supply reliability – provision of consumers of 1 (1A, 1B, 1C), 2, 3 categories of 

reliability, provision of mixed consumers;  

 destination – systems of autonomous, backup, emergency and standby power supply;  

 degree of mobility - stationary, mobile, portable, wearable;  

 belonging to the main consumer – PSS of vehicle, tank, helicopter, satellite, etc. 

Power supply systems consist of:  

 electrical energy sources (Hydroelectric Power Plant (HPP), Thermoelectric Power Plant 

(TPP), Solar panel, Wind generator);  

 power transmission system (overhead power line, cable power line, wiring);  

 power transformation system (transformer, autotransformer, rectifier, frequency converter, 

converter);  

 power distribution system (open switchgear, closed switchgear);  

 system of relay protection and automation (surge protection, lightning protection, short circuit 

protection, arc fault protection);  

 system of control and signaling (dispatch communication system, automated power control 

system, automated system of commercial registration of energy);  

 operating system (technological cards, load graphics, regulation maintenance graphics);  

 system of own needs (heating, lighting, ventilation in buildings and facilities, where PSS 

components are placed);  
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 system of guaranteed power supply of the most demanding consumers (uninterruptible power 

supply unit, system of autonomous power supply (APS), system of backup power supply 

(BPS), mobile system of emergency power supply (MEPS), automatic transfer switch).  

Most numerous and important power supply objects in gas industry are gas transportation companies 

(compressor stations of trunk gas pipeline).  

Power supply schemes for compressor stations are designed, considering the peculiarities of electric 

consumers, as well as the specific features of the objects placement and their operation conditions. 

Power line from the power grid and auxiliary power plants with installations, working on gas or diesel 

fuel, are used as the power supply source of compressor stations. In a number of cases high level of 

readiness of power supply systems for compressor stations of trunk gas pipelines is a complex 

technical, organizational and economic task. Uninterrupted supply of CS of TGP with electricity 

mainly provides the stability, reliability and effectiveness of the whole industry operation. Compressor 

stations of trunk gas pipelines belong to the first category of electric consumers, electric power supply 

of which is not allowed to be interrupted [22, 46, 31].  

Stability and reliability of power supply compressor stations of trunk gas pipelines, belonging to the 

first category of power supply, are currently provided by the following sources [10, 16, 36, 44]:  

 external power supply from two independent, mutually reserving main power supply sources 

(Energy Systems of  RAO "UES of Russia" - technological Closed Switchgears (CSG) - 10 (6) 

kV);  

 backup power supply source – electric APP, providing the recovery of voltage of multi-shop 

CS in  5 minutes (maximum), keeping the load of CS for a long period of time (up to 750 

hours);  

 emergency power supply source – diesel driven power plant, providing the recovery of voltage 

in 30 seconds (maximum) and power supply of electro-receivers of a special group of first 

category for a period of time up to 250 hours;  

 guaranteed power supply source, consisting of batteries with corresponding inverters, 

providing a sustainable work of electro-receivers of a special group (Instrumentation and 

Automation system of gas-turbine units, ACS, etc.) during transient modes of power supply 

system operation (voltage dip, frequency fluctuations , current-free pause);  

 APP, equipped with the electrical installations with piston or gas-turbine drive, in case of 

absence of external power supply sources;  

 In real conditions of exploitation of power supply systems of compressor stations of trunk gas 

pipelines the following violations of normal power supply mode are possible:  

 short-term or long-term voltage (frequency) deviation from the nominal values;  

 interruption of power supply at one of independent sources with a preliminary warning;  

 sudden short-term (up to several seconds) interruptions of power supply or deep voltage 

(frequency) dip, caused by transients processes in energy system of CS electric power supply 

or sudden short-term shut-offs of auxiliary power plants;  

 sudden long-term (up to several hours) shut-offs of supplying power lines or auxiliary power 

plants.  

According to the exploitation experience, short-term or long-term deviations of frequency and voltage 

from the nominal values do not involve any essential changes in the operation mode of CS. 

In case of interruption of power supply at one of independent sources with preliminary warning for a 

few hours, the power supply to compressor station is provided from another independent source. In 

this case the stability of power supply provision does not correspond with the requirements, which can 
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cause CS stops. In order to prevent compressor station from the stop due to short-term interruptions 

of power supply in deep frequency or voltage drops, it is necessary to provide the possibility to use 

alternative power supply source (e.g. wind, water, sun, etc.) or go to switch the system to emergency 

power supply source of CS with automatic start-up and a period from the moment of start signal to the 

moment of loads receiving of up to 30 seconds [10, 16, 26]. 

In case of sudden and prolonged shut-offs of power supply lines or APP stop, as a rule, CS stops 

occur and normal operation mode of the whole gas transportation system is broken. Prevention of 

such cases is the most important task of electric power plants, electrical networks and installations 

design and operation. 

It should be noted that any damage at electric power lines is a random event. It is not possible to 

foresee exactly when and where can happen a particular violation in a system of power supply. 

However, analysis of operating experience in some way allows to narrow the uncertainty borders, to 

identify the places and periods with higher flows (frequency) of failures. It is also should be added that 

technical and organizational structure of power supply systems is not invariable, it is changed 

periodically, due to the changes in the structure of social production. Any damage of electrical 

installations, providing the transfer and distribution of electricity, under certain conditions, can lead to 

serious violation of objects operation [22, 26]. Any sudden break of centralized power supply of 

objects are typically connected with a specific damage, the scale of which depends on a number of 

random factors: power supply interruption duration, ambient temperature, technological process 

phase, etc. [25, 29, 41]. 

Sudden breaks in electricity supply are the most difficult and common types of violations, as due to 

peculiarities of power generation and transmission process the power can not be stocked in quantities, 

necessary for the technological processes. 

Sudden breaks in electricity supply, as a rule, (if a preliminary preparation of objects higher ‘vitality’ 

was not perform), lead to violations of technological processes. Violations of technological processes, 

in their turn, lead to specific economical damages. 

Break in work of electrical equipment creates an emergency mode of operation for the whole system of 

trunk gas pipeline. Electrical installations at gas pipelines must be provided with reliable protection, 

signaling and automatic control devices. This condition is not always complied with and it leads to 

failures in systems of distribution and consumption of electricity. 

A failure can also be caused by malfunction of any element of the system at the moment of the named 

element operation. 

If, in case of loss of one or more elements, reserve entry provides the performance of its main 

functions by the system, the failure of the system does not occur. If, in case of loss of an element, the 

limitation or changing of any basic parameters of the system (as well as the failure of consumers 

technology) takes place, the failure of system is registered. 

If the system, in case of any element damaging, is not able to quickly restore its normal power supply 

to electric energy consumers, it is considered unstable. 

Vitality of the system is an ability of the system to withstand cascade (chain) development of 

emergency modes (GOST 21027 - 75) [22, 26, 28]. 

Stability of the power supply system directly influence the stability of objects. In its turn, the stability of 

the system depends on the stability of the objects. Therefore, it is appropriate to estimate 
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comprehensively the stability of electricity supply system and system of distribution and consumption 

of electricity and their main objects during the system analysis. 

CS power supply sources can stay in operation mode (operation or basic source), be used as a loaded 

or unloaded reserve, as well as  perform functions of emergency reserve. 

Considering the characteristics of electro-consumers, electrical power supply schemes and systems 

must meet the following requirements [10, 12, 14, 22, 27, 40]: 

 power supply system must consist of at least two sub-systems with inputs from independent 

power supply sources; sub-system can operate separately or in parallel, i.e. they can have a 

connection, which is to be switched-off automatically in case of any accident in one of the 

sub-systems; each of the sub-systems must provide a full load, as well as self-starting of 

engines and main mechanisms. 

 for gas-turbine CS it is necessary to provide an installation of emergency power supply source 

with automatic shutdown of non-branched consumers with the help of devices automatic 

frequency unloading and minimum voltage protection, and with automatic start-up and 

turning-on – for the power supply to the main consumers; in case of alternating voltage loss 

the power supply of Instrumentation and Automation must be provided from the batteries. 

CS electrical circuit must be flexible and must provide both the opportunity to expand and connect an 

external input from an energy system and various operational, repairs and emergency modes. 

All the devices of power supply of compressor stations and other technologic installations of gas 

pipelines, sub-stations and switchgears, as well as a high-voltage electric drive of gas compressors must 

be stable in exploitation and protected from violations of their normal operation mode, as well as from 

possible damages or other breakages and short-circuit in power supply lines, having a huge mechanical 

and thermal impact on electric devices and machines  

Compressor stations on the underground gas storages are provided with power supply according to the 

second category, however, during the period of maximum gas pumping to the storages, these CS 

require reliable, uninterrupted electric power supply. 

A properly designed and organized system of electric power supply must have specific stability and 

‘vitality’, which is provided at the gas transportation companies of the industry by various means. 

As a rule, normal stable operation of the object is provided by the creation of necessary mechanical 

strength and structural elements, by creation of normal temperature, humidity, power supply mode, as 

well as main parameters control mode. It can be achieved by stable performance of  autonomous 

power supply systems, heating, air supply, functional protection systems (relay protection, fire 

protection, seismic protection, etc.), as well as control system. 

 

2.2 Categories of electrical receivers and factors that ensure the 

stability and reliability of power supply systems of compressor 

stations 

Categories of electrical receivers on power supply reliability are defined during power supply system 

design, on the basis of normative documents, as well as the technological part of the project. 

In relation of power supply reliability provision electrical receivers  are divided into the following three 

categories [22, 26, 31]: 
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The first category – electrical receivers, an interruption of power supply of which can lead to the danger 

to human lives, the threat to the security of the state, significants material damage, disorder of 

complicated technological process, disruption of the functioning of critical elements of the public 

utilities, communication facilities and television. In normal conditions electrical receivers of the first 

category must be provided with electricity from two independent, mutually reserving power supply 

sources, and a break of electric power supply to such receivers at the failure of power supply of one 

source is allowed only for the period of automatic restoration of power supply. 

Among the electrical receivers of the first category there can be allocated a special group of electric 

receivers, uninterrupted operation of which is essential for the trouble-free stop of production (in 

order to prevent the threat to human lives, explosions and fires). 

For the power supply of a special group of electrical receivers of the first category it is necessary to 

provide an additional power supply from the third independent, mutually reserving power supply 

source. Local power plants, energy system power plants (in particular, generator voltage buses), 

uninterrupted power supply devices, designed for this purpose, batteries and some other devices can 

be used as the third independent power supply source for a special group of electrical receivers and as 

the second independent power supply source for other power receivers of the first category. 

If the reserving of power supply can not provide a continuous technological process or if the 

reservation of power supply is not economically feasible, then it is necessary to perform the 

technological reservation, for example, by installation of mutually reserving technological units, special 

devices of trouble-free of technological process, operated at power supply failure. 

Power supply of electrical receivers of the first category with complicated, continuous technological 

process (requiring a long time to restore to normal operation mode), in case of feasibility studies, is 

recommended to perform from two independent, mutually reserving power supply sources, which 

must meet additional requirements, defined by peculiarities of technological process. 

The second category – electrical receivers, an interruption of power supply of which leads to mass 

undersupply of products, mass demurrage of man-power, equipment and industrial transport, to 

disruption of normal activities of significant number of urban and rural residents. In normal conditions 

electrical receivers of the second category must be provided with electricity from two independent, 

mutually reserving power supply sources. 

For electrical receivers of the second category, at failure of power supply from one of the source, 

interruption of power supply is allowed for the period, necessary to switch on backup power supply 

source by personnel on duty or external operational team. 

The third category - all other electrical receivers, not covered by the definition of the first and the second 

categories. 

For electrical receivers of the third category the power supply can be performed from one power 

supply source, provided that an interruption of power supply, needed for the repair or replacement of 

affected components of electricity supply system, does not exceed 24hours. 

It is necessary to provide technical measures to ensure the quality of electric energy for electrical 

networks, in accordance with the requirements of GOST 13109. 

Voltage control devices must ensure the maintenance of buses voltage of 3-20 kV power stations and 

sub-stations, to which distribution networks are connected, within the limits of 105% of rated voltage 

for periods of maximum loads and of 100% of the rated voltage for periods of minimum loads of 

these networks. Deviations from these voltage levels must be justified. 
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The selection and placement of reactive power compensation devices in networks are performed on 

the basis of the necessity to provide the required network bandwidth in normal and post-emergency 

modes, while maintaining necessary level of voltage and stability margins. 

Table 2.1 Categories of electric receivers of oil and gas transport consumers 

 

Stations 

 

Equipment 

 

Category in terms of 

power supply reliability 

 

Gas compressor stations of trunk 

gas pipeline  

 

Centrifugal blowers, oil and 

circulation pumps, ventilators of gas-

turbine unit oil cooling 

1 

Gas-distribution stations - 3 

Compressor stations of 

associated oil gas, located in oil 

deposits 

Oil, circulating water pumps, 

mechanical ventilation, gas blowers 
2 

Head oil pump stations and 

stations for pumping through 

pipelines  

Pumps for oil and petroleum 

products pumping, mechanical 

ventilation and air compressors 

1 

Intermediate oil pump stations 

and stations for petroleum 

products pumping 

Pumps for oil and petroleum 

products pumping, mechanical 

ventilation and air compressors 

2 

Intermediate oil pumping stations 

of parallel oil and petroleum 

products pipelines of 

performance of more than 50 

million tons per year with 

electricity supply from one sub-

station  

Pumps for oil and petroleum 

products pumping, mechanical 

ventilation and air compressors 

 

1 

 

Intermediate oil pumping station 

and station for petroleum 

products pumping for a single 

pipeline, located in mountain 

areas  

Pumps for oil and petroleum 

products pumping, mechanical 

ventilation and air compressors 

1 

 Breast pump station of head oil 

pumping station  

Pumps for oil and petroleum 

products pumping, mechanical 

ventilation and air compressors 

 

1 
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Reliability of the elements (systems) is a complex of properties, that determine the degree of the 

potential of these elements (systems) to work as intended within the specified period of time. 

The stability of power supply systems of compressor stations is influenced by such factors as: a property, 

a condition and an event. 

Reliability is a complex property of the stability of power supply systems of CS, which, depending on 

the purpose of the object and its operation conditions, can involve a number of properties separately 

or in a certain combination. The main ones of them are: reliability, durability, maintainability, 

persistence; resilience capacity; mode manageability, vitality and safety (fig.2.1). 

 

Fig. 2.1 Properties, characterizing the stability of electric power supply systems of compressor stations 

For electric power supply systems, intended to provide the work of processing facilities with a 

continuous cycle (such systems include compressor stations of trunk gas pipelines) reliability and 

maintainability are considered to be the main properties. Problems of durability and especially safety of 

CS PSS are not too much actual. For modern electrical driven CS, equipped with powerful 

synchronous motors problems of stability and vitality of systems and their power supply are 

considered to be additional ones.  

Operating reliability is the ability of an element (system) to keep its efficiency (not to fail) within a 

specified period of time under specified operational conditions. 

Durability of elements is the ability of the system to be operated for a long period of time under 

specified conditions (in case of proper maintenance performance) until the complete destruction or 

other limit state. 

Maintainability is a property of adaptation to prevention, detection and troubleshooting or to restoring 

of the system after its failure. 

Persistence is a property of the object to keep the values of parameters (within the specified limits), 

characterizing the ability of the object to perform the determined functions, during (and after) the 

storage and (or) transportation. 

In order to asses the level of reliability and maintainability of the system, it’s necessary to use a 

classification of the corresponding states of PSS objects, as well as of the whole system. 

The classification of states of power supply systems objects of compressor stations does not practically 

differ from the one, admitted for objects of other energy systems (fig.2.2). 

There are two levels of states classification, characterizing the ability of the system to perform specified 

functions (serviceable / non-serviceable) and characterizing the performance of specified functions 

(operative / inoperative). 
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The concept of serviceability refers to the objects, non-functioned at some moment. Thus, a reserved 

generator of gas-turbine CS can be called non-serviceable, as at a certain moment it will not be able to 

perform the specified functions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.2 States, characterizing the stability of power supply systems of CS objects 

 

Operative and inoperative states are related to the operation and, correspondingly, to the function 

failure of electric power supply system. 

Having connected an operation of a technological object (namely, a compressor station) to the 

functioning of its power supply system, we mean the state, when all the electrical equipment of 

compressor stations and auxiliary installations of the station work properly, when saying ‘fully 

operative’ state of CS PSS. 

If all the gas pumping units of the compressor station work, but electrical equipment of auxiliary 

installations (for example, gas cooler) are switched off, then such PSS mode will be classified as a heavy 

condition. 

PSS emergency state is connected with an interruption of electric power supply of electric receivers of 

gas pumping units , leading to a forced or emergency stop of at least one gas pumping unit. The depth 

of emergency state of power supply can be evaluated by number of decommissioned gas pumping 

units. 
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PSS emergency state is connected with an interruption of electric power supply of electric receivers of 

gas pumping units , leading to a forced or emergency stop of at least one gas pumping unit. The depth 

of emergency state of power supply can be evaluated by number of decommissioned gas pumping 

units. 

Forced stop of all the CS GPU is connected with the transfer of PSS to an inoperative emergency 

mode (downtime or repair. Malfunctions in the work of CS processing units can be connected with the 

fact, that power supply systems (or their parts) were fully or partly in an inoperative mode for some 

time, as well as with the process of transfer to such a state (even to with the process of transfer to a 

different operating condition). For example, if during the transfer from one PSS sub-system to another 

units were set to a no-load mode. 

During the work of CS there can occur events, leading to a decrease of its efficiency and functioning in 

general, or leading to the restriction of failures consequences and efficiency increasing. 

The classification of events, characterizing the stability of CS objects electric power supply, is shown in 

(fig. 2.3). 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.3 Events, characterizing the stability of CS objects power supply 
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Performance failure is an event, comprising the transfer of the object from one performance level to 

another, lower one; functioning failure is an event, comprising the transfer of the object from one 

relative level of functioning to another, lower one. Both performance and functioning failures  of CS 

objects and power supply system (as a whole) can be full or partial. Full performance failure leads to 

the transfer of the object from initial state to a non-serviceable mode. And similarly, full functioning 

failure leads to the transfer of the object to inoperative state.  

Failures of power supply systems elements can be gradual and sudden. 

Gradual failures are connected with the change of elements’ parameters with time and generally caused 

electric installation components aging. 

As a rule, sudden failures are caused by random external influences of the third parties, by natural and 

climatic factors. 

Independent failures are not related to each other, dependent ones are related. At that the dependence 

of failures can be of a different nature. Let’s distinguish mutually conditioned failures (the failure of 

one element is caused by the failure of others, for example, the failure of reserve transformer due to 

the overload, which occurred due to the failure of an operative transformer) and interrelated failures 

(failure of one element is connected with the failure of another ones, via an external cause, such as 

failures of double-circuit power line circuits or failures of two single-circuit power lines due to 

excessive wind load, in comparison with a design value. 

Failures can be stable and unstable. When analyzing the reliability of power supply systems of electric 

driven CS, it is necessary to consider both stable and unstable (self-reducing) failures of system 

elements. To analyze the reliability of electric power supply system of gas-turbine CS, it is usually 

enough to take into account stable failures of PSS components. Unstable failures (when meeting the 

corresponding requirements while PSS designing) must not considerably effect the work of CS GPU. 

As an experience shows, the reasons for low reliability of CS PSS with gas-turbine drive are related to 

the failures of the main power equipment, as well as with failures of relay protection and PSS 

automatics. 

2.3 Compressor stations, volumes of power consumption at CS and 

APP 

To maintain a given flow rate of transported gas and to ensure its optimum pressure in the pipeline 

along the route of the gas pipeline compressor stations are installed. Modern compressor station is a 

complex engineering structure, ensuring main technological processes of natural gas preparation and 

transportation. 

Compressor station is an integral and composite part of trunk gas pipeline, providing gas 

transportation with the help of power equipment, installed at the CS. It serves as a control element in a 

complex of structures, composing the trunk gas pipeline. Parameter name of the CS identified is Busy 

operation of the pipeline. It is the parameters of CS operation that define the operation mode of gas 

pipeline. The presence of CS allows to regulate the mode of gas pipeline operation at fluctuations of 

gas consumption, using the storage capacity of gas pipeline at maximum. There are three main types of 

CS on trunk pas pipelines: head, linear and booster stations. 

Head compressor station (HCS) are installed directly after the gas deposit and they are designed to 

maintain the required pressure of the process gas for its further transportation via the trunk gas 

pipelines, when reservoir pressure is getting lower at the deposit, as a result of its development. 
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A characteristic feature of HCS is a high degree of compression at the station, provided by consecutive 

work of gas pumping units (GPU). At HCS there imposed higher requirements to the quality of 

preparation of process gas: mechanical purification, gas condensate and moisture drying, as well as 

removal of by-products, if any: hydrogen sulfide, carbon dioxide, etc. 

Linear compressor stations are located on trunk gas pipelines, usually every 100 – 150 km. CS is 

intended for the compression of natural gas, supply to the station, from input to output pressure, due 

to the design data, to ensure a constant desired gas flow rate through the trunk gas pipeline. Large 

trunk gas pipelines are mainly built for pressure P = 5.5 and 7.5 MPa. 

Booster compressor station (BCS) are installed on underground gas storage (UGS). The intended use 

of BCS is gas supply to underground gas storage from trunk gas pipeline, as well as natural gas 

pumping from storage facility (usually in winter) for the subsequent transfer of gas into the trunk gas 

pipeline or to direct gas consumers. BCS are also constructed at gas deposit, if reservoir pressure drops 

below the pressure in trunk pipeline. A distinctive feature of BCS, in comparison with linear CS, is a 

high compression ratio, improved preparation of process gas (driers, separators, dust collectors), 

supplied from an underground storage, in order to perform mechanical purification and to clean the 

gas from the moisture, carried together with it. 

The work of the main technological equipment of compressor stations of trunk gas mains (centrifugal 

blowers) is provided by its drive, oil supply, ventilation, cooling, gas communication systems, public 

power supply systems and Instrumentation and Automation. Interaction of sub-systems determines 

overall level of reliability of the compressor station. The reliability of operation of practically all the 

systems of CS depends on the reliability of their electric equipment and reliability of its power supply. 

Interruption of power supply of electric drives of sealing and lubrication oil pumps, circulating pumps, 

air cooling units (ACU) of turbines oil, water ACU can lead to a breakdown of the complex CS 

technological process, reduction of blowers resource and thus cause considerable damage. 

An interruption of power supply of electrical equipment of fire pumps, emergency ventilation, 

electrical receivers, communication devices, lighting of the main shops is also unacceptable, as it is 

connected with an increase of risk to human lives. According to the Rules of electric installations 

structure, the above indicated electrical receivers belong to category I with regard to ensuring the 

reliability of their power supply. 

In group of consumers of category I there defined particularly important consumers, an interruption of 

power supply of which causes a danger of GPU emergency stop, as well as those, which provide GPU 

stoppage without any damage. Particularly important consumers include sealing oil pumps, circulating 

pumps, emergency oil pumps for lubrication, cooling fans of emergency ventilation, fire pumps, as well 

as emergency lighting of Instrumentation and Automation. Depending on the type of GPU the 

structure of category I consumers can differ. Thus, switching to turbine shaft driven sealing pumps 

allows to exclude sealing oil pumps from the group of particularly important consumers at a number of 

existing CS. 

CS consumers of category II include electrical receivers, an interruption of power supply of which 

reduces the power supply to CS, electrical receivers, needed to continue the technological process, 

allowing short interruptions in power supply without the danger of GPU stoppage; electrical 

equipment of GPU system, cooling fans of gas ACU, fans of cooling towers cooling, water supply and 

sanitation pumps, purge ventilation, air conditioning units, boiler room. 
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Electrical receivers of category III allow an interruption of power supply for repair of power supply 

system equipment. At CS to consumers of category III there assigned load of auxiliary shops and 

services, CS area lighting, cathode protection. 

Thus, general station electrical equipment of CS is assigned to the consumers of all the categories. 

Naturally, the common parts of electric power supply system for different categories of receivers must 

meet the requirements of category I power supply. 

General data on power and permissible duration of an interruption of power supply to main 

consumers of some types of GPU is shown in Table 2.2. 

Table 2.2 Power and permissible duration of an interruption of power supply to main consumers of 

some types of gas-turbine driven GPU 

 

Equipment Power, kW 
Permissible Duration of 

Power Supply Interruption 

GPU Type: GTK 10-2 

Startup Oil Pump 40 - 

Sealing Oil Pump 55 0-5 

Turbine Fan 30 60 

Air Oil Coolers 40 5 

Oil Filters 2x1,1 60 

Purge Ventilation 3 60 

Exhaust Ventilation 4,4 60 

Instrumentation and Automation Panels 15 0 

Air Compression 22 60 

Emergency Ventilation 22 - 

Fire Pump 28 - 

GPU type: GTN-9 

Startup Oil Pump 55 - 

Sealing Oil Pump - - 

Turbine Fan 22 60 

Air Oil Coolers 12x5,5 5 

Oil Filters 3 60 

Purge Ventilation 3 60 

Exhaust Ventilation 4,4 60 

Instrumentation and Automation Panels 15 0 

Air Compression 22 60 

Emergency Ventilation 22 - 

Fire Pump 28 - 

GPU Type: GTK-16 

Startup Oil Pump 75 - 

Sealing Oil Pump - - 

Turbine Fan 30 60 

Air Oil Coolers 12x5,5 15 

Oil Filters 3 60 

Purge Ventilation 3 60 

Exhaust Ventilation 4,4 60 
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Instrumentation and Automation Panels 15 0 

Air Compression 22 60 

Emergency Ventilation 22 60 

Fire Pump 28 - 

GPU Type: GTK-25 

Startup Oil Pump 37 - 

Sealing Oil Pump 30 - 

Turbine Fan 30 60 

Air Oil Coolers 12x5,5 5 

Oil Filters 3 60 

Purge Ventilation 3 60 

Exhaust Ventilation 4,4 60 

Instrumentation and Automation Panels 15 0 

Air Compression 22 60 

Emergency Ventilation 22 60 

Fire Pump 28 - 

 

Distribution of electrical loads between main consumers of electric power at a typical CS with turbine 

driven natural gas blowers (6 GT-750-6 units with a total capacity of 36 thousand kW are installed at 

CS) is shown in Table 2.3. [15] 

Power of the main consumers of electrical power of typical gas-turbine driven CS is 600 – 700 kW for 

30 - 40 thousand kW of established power of gas-turbine units.  

Table 2.3 Distribution of electrical loads between main consumers of electric power at a typical CS 

 

Consumers 

Amount of Electric 

Power consumers, 

nOP / nRES 

Established Power 

of Operative 

Electric Receivers, 

kW 

Use of 

Maximum 

Power per 

Year, hours 

Electric 

Power 

Consumpti

on per Year, 

thousand 

kWhour 

Compressor Shop 

Startup Oil Pumps  4 80 200 3,2 

Sealing Oil Pumps  4/4 160 7500 840 

Bridge Crane  5 34,5 600 2,08 

Oil Pump and Oil-

Cleaning Machines  
2 49,6 1500 37,2 

Circulation Pump  1/1 40 7500 240 

Sanitary Ventilation 10,2 205 7500 1080 

Electrical Lighting  - 50 4100 195 

Cooling Tower 

Fans  2 56 7500 292 

Industrial Area 

External Lighting  - 13 3600 46,8 

TOTAL  - 688 - - 
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The total capacity of electric power consumers of typical CS TGP with gas-turbine drive is 

between 1500 and 4000 kW, and total power of CS electric receivers, including EGPU, 

exceeds 24 000 kW (Table 2.4). 

Table 2.4 The total capacity of power consumers at some CS TGP, equipped with different types of 

drives 

Type of 

GPU at CS 

TGP  

Number of Units  Established Power of Units, thousand kW Electric 
Power 

Consumption 
of CS, kW  

Operative  Reserve Operative  Reserve 

Compressor Stations, Equipped with HGPU 

GT-750-6 4 2 24 12 
3980 

GTK-10 2 1 20 10 

GTK-10 2 1 20 10 
1581 

GTK-10 2 1 20 10 

GT-750-6 4 2 24 12 
2913 

GT-750-6 4 2 24 12 

GTN-25 2 1 50 25 1840 

GTN-16 3 2 48 32 1700 

GPU-C-16 3 1 48 16 1757 

GPU-C-6,3 6 2 37,8 12,6 1460 

Compressor Stations, Equipped with HGPU and EGPU 

GT-750-6 4 2 24 12 
24814 

STM-4000 6 2 24 8 

GT-750-6 4 2 24 12 
26980 

STD-4000 6 2 24 8 

GTK-10 2 1 20 10 
27480 

STD-4000 6 2 24 8 

For industry facilities and settlements (shift camps; social, cultural household facilities, etc), located in 

the regions of nature gas mining and truck gas pipelines system installation (where power supply 

systems of RAO "UES of Russia" are not installed), where natural and climatic conditions are 

characterized as ‘very heavy’, it is necessary to develop specific technical solutions in the area of power 

supply, providing their efficiency and vitality, even in extreme situations. As a rule, such objects have 

relatively small capacities and during the construction of traditional powerful thermoelectric plants in 

such conditions a number of specific technical and economic problems occur [10, 23, 30, 33, 36].  

An alternative and fairly reliable solution of this problem is to create local systems of power supply 

with minimal length of outgoing power lines from mobile block and super-block power plants, 

equipped with electrical units with a piston or gas-turbine drive, located in the center of loads.  

One of the features of autonomous energy objects is that they are not always commercial projects, as 

they belong to auxiliary production. 
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Auxiliary production, as a rule, does not realize its products to the third parties, they serve the needs of 

the main production. Main production is interested in receiving products from auxiliary production at 

minimum prices. Based on this, the efficiency of APP is offered to be estimated by correlation  of 

expenditure for electric power purchase from the third parties with the cost of its own production. 

Considering the operative conditions, an autonomous power station must provide [23, 30, 35, 42, 43]:  

 reliable power supply (vitality) in the extreme conditions of a polar night; 

 high degree of automation;  

 maintenance simplicity and conveniences, ensuring repair performance;  

 minimum weight.  

Electric units must be of super-block (container, module) version, of maximum prefabrication and 

require minimal volume of construction works at their installation.  

In addition, the station must [23, 30, 35, 42, 43]:  

 provide expanding possibilities in case of power consumption growth;  

 provide operation with both diesel and local fuel (natural gas);  

 meet the requirements of operative modes flexibility and provide the possibility (if necessary) 

of the power transfer to the nearest object, via interconnections.  

The foundation design must take into account the specifics of power stations operation and 

permafrost soil condition.  

At power plants it is necessary to provide the possibility of heat energy generation, that will raise the 

reliability of heat supply and overall efficiency of power plant.  

As the analysis shows, the most promising plants are mobile power plants with turbine engines, having 

the following advantages [15, 33, 44]:  

 small weight and overall dimensions (weight and size indices are 3-4 times lower, than the 

indices of power plants with piston internal combustion engines);  

 ability to create mobile electric plants of power of up to 6 MW and more;  

 operational replacement of failed engine (up to 8 hours) and its maintainability in workshop 

and factory conditions;  

 allowable level of vibration, minimum volume of construction works, during the installation of 

the power plant;  

 no need for cooling water;  

 possibility of exploitation in the conditions of both cold and hot climate;  

 oil cooling system has small overall dimensions, low oil consumption, small heat loss by 

radiation and to oil;  

 high rotate speed stability and high degree of automation;  

 developed system of predictive maintenance;  

 ability to use different kinds of fuel (liquid or gaseous) for one motor at some GTE, without 

any readjustments and engines stoppage;  

 ability to run the equipment at temperatures below zero.  

For all the merits, GTE loses to piston internal combustion piston engines in the following parameters:  

 minimal start-up time (30 seconds);  

 acceptance of 100% load during 30 to 60 seconds after startup signal sending;  
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 highly effective work at partial loads;  

 economic efficiency.  

These qualities predetermined the priority in the creation of mobile power plants with piston electric 

units in power range from 100 to 2500 kW, and turbine units – from 2500 to 50000 kW and more.  

Automation of units start-up sequence, synchronization, receipt and load distribution operations, 

automatic alarm warning in case of violation of normal mode of operation, automation of auxiliary 

operations (oil and fuel supplying systems cooling system refilling, engine stoppage, etc.) allow to 

maintain autonomous power plants by minimum number of serving personnel or even without it.  

As a result of exploration and research works, performed by energy management department of 

Gazprom, OJSC and VNIIGAZ, there was proposed a power line of electric units with piston and 

turbine drive, based on of which it is possible to complete the power plants of various purposes.  

The choice of electric units for the needs of the gas industry was performed under the following 

conditions:  

 number of motor size must be minimized, the line must include commercially available 

engines, or those, for the creation of which all the necessary researches were performed;  

 indices of engines and power plants, based on such engines, must correspond with a modern 

current level of development;  

 usage of engines within the proposed power line must be economically justified. 
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3. Construction of Wind Turbines and Wind Flow 

Characteristics 

 

Wind turbine converts wind energy into electricity or mechanical energy. Schematically it looks in the 

following way. Blades of a wind-wheel are connected with a headroom, to which a shaft is fixed. Wind 

flow goes to the blades of the wind-wheel and drives them. This shaft, via the coupling, is connected 

with an input reducer shaft (multipliers). Then, a generator, which produces electrical energy, is 

connected to the output shaft of the reducer. The reducer is needed in order to increase the rotation 

speed of the generator up to the required value.  

 

3.1 Classification of Wind Turbines  

Wind energy units are classified according to many characteristics: wind-wheel design, its position on 

its rotation axis, in relation to the ground surface, principle of operation, rotate speed, etc.  

Thus, according to the position of wind-wheel rotation axis wind turbines are divided into horizontal-

axis and vertical-axis (fig.3.1).  

Practically all the horizontal axis wind turbines (HAWT) are of propeller type. Rotation power of this wind 

turbines is lift [38].  

Considering the ability of the wind turbine to meet the wind, they are divided into upwind and 

downwind wind turbines. If the blades (wind-wheel) of the WT are directed to the wind, such wind 

turbine is called upwind WT. If the wind first meet the gondola, and only then the wind-wheel – such 

WT is called downwind ones [5,16].  

 

                            

Fig. 3.1 Horizontal axis and vertical axis wind turbines 
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In the first case the wind turbine must have a special drive for rotation to the wind and it makes such 

WT more expensive. In the second case wind turbine is set ‘to the wind’ by itself, wind-wheel plays the 

part of rotation here. But it turned out, that in this case WT generates infrasonic vibrations, negatively 

affecting human beings and animals. Therefore downwind wind turbines were abandoned by 

practically all the manufacturers.  

Considering the number of WT blades, there are one, two, three and multi-bladed wind turbine. 

Optimal number of wind turbine blades depends on its use. Wind turbines designed for electric power 

generation (i.e. connected to the generator) does not need a large starting torque, as the generator starts 

at idle (i.e. unloaded). In this case two or three blades are enough. Wind turbines with two blades are 

considerably easier and cheaper, but it is quite noisy and produce some vibration. 

Researches, carried out by scientists in Denmark in 1970s, show that the best decision for wind turbine 

is three blades. This decision was accepted by all the manufacturers of WT. 

For wind mechanical turbines (WMT), the shaft of which is connected directly to a pump or other 

mechanical device, it is very important to have a large initial starting torque, so such turbines have a lot 

of blades and rotate much slower than electrical turbines. 

For high-power wind turbines the most appropriate wind-wheels are 3-blade ones, which provide 

smooth rotation and minimize the impact torques, influencing the wind-wheel axis. 

Vertical axis wind turbines (VAWT) have several advantages, the main of which is lack of need to orient 

the wind-wheel to the wind. The second advantage is a possibility to located all the mechanisms at the 

bottom, and therefore lack of need to construct a huge tower. However, the disadvantages of these 

turbines are much more significant: it is necessary to provide an initial starting torque (starting external 

force to rotate the wind-wheel), as well as impossibility to use wind flow of the upper layers (up to 100 

m) and complicated complex of power problems. 

Therefore, in the global wind energy industry HAWT of tower type prevail over VAWT at a ratio of 

98:2 [19,38]. 

For further understanding of wind turbine operation it’s necessary to consider two important 

parameters, related to the design of wind-wheel: the coefficient of wind flow energy using (Cp) and 

rapidity. 

3.2. Elements of horizontal axis wind turbines of tower type 

HAWT of tower type generally consists of: a wind-wheel, a gondola, a tower and a foundation (fig.3.2). 

Wind wheel has three blades, attached to the hub and (for megawatt-class wind turbine power) has a 

rotation axis, inclined to the horizon at a small angle. This angle presence is due to the fact that when 

wind-wheel is operated its blades, under the pressure of wind flow, has a deflection, increasing from 

wind-wheel hub to the end of the blade. 

Deflection of blade tip can reach such values, that, in the absence of the incline of wind 

turbine axis to the horizon, there can occur a hit of wind-wheel blade to the WT tower. In order to 

avoid this, a slope of WT axis to the horizon, which for most current wind-wheels is in the range of 3 

– 6о, is created. 

3.2.1 The layout of wind turbine gondola 

Gondola is a capsule, which contain the main equipment of wind turbine electric unit (WTEU). 

According to the composition of the main equipment WTEU can be classified as reducer and reducer-

free. 
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Reducer of wind turbine electric unit, in their turn, can be divided into wind turbine with integrated 

power truck line and WT with distributed power truck line. 

 

 

Fig. 3.2 Main elements of horizontal axis wind turbine: 

1.  Foundation 

2. Connection to the mains 

3. Tower 

4. Ladder for access provision 

5. Wind unit orientation control 

6. Gondola 

7. Generator 

8. Anemometer 

9. Brake 

10. Reducer 

11. Rotor blade 

12. Blade stride control 

13. Rotor hub 

 

Gondola is a capsule, which contain the main equipment of wind turbine electric unit. According to 

the composition of the main equipment WTEU can be classified as reducer and reducer-free. 

Reducer wind turbine electric unit, in their turn, can be divided into:  

 wind turbine electric unit with integrated power truck line;  

 wind turbine electric unit with distributed power truck line. 

In WTEU with integrated power truck line a reducer-shaft and bearings of truck line are combined 

into a monoblock. 
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Recently, at the market of megawatt-class wind turbines there has appeared a tendency to compose a 

power truck line and a mono-block. It is also related to a desire to eliminate the main shaft, which is 

made of a very expensive steel (by stamping press method). All the elements are attached to a single 

monolithic structure, providing both fixation of units and transportation of mechanical rotation energy 

from the wind-wheel to the generator. 

The composition of wind turbine electric unit with distributed power trunk line is characterized by the 

fact, that the shaft and the bearing of the truck line are not united into a monoblock, they are 

distributed and fixed to the gondola support frame, which supports the bearing housing, the reducer 

and the generator [19]. 

When the wind changes its direction, the gondola turns around the vertical axis, coinciding with the 

axis of the tower. 

Reducer-free WT with direct drive are characterized by the absence of the reducer, increasing the 

wind-wheel rotation speed. The special feature of generators of such wind turbines is larger number of 

the generator pole pairs (in comparison with reducer circuit). it leads to a significant increase of the 

generator diameter and, as a consequence, of the whole gondola. Therefore, present-day reducer-free 

wind turbines are easily recognizable, first of by due to the characteristic shape and size of gondola. 

3.2.2 Towers of wind electric units 

Wind electric units tower usually has a shape of a tube (metallic or reinforced concrete one) or spatial 

metal farm (fig. 3.3). Tube-tower consists of several sections. Currently the manufacturers of WT 

produce serial towers of various designs and materials. 

              
 a) Steel 3-section                

tower 

b) Reinforced 

concrete tower 

c) Steel grid 

tower 

d) Mixed, reinforced 

concrete and steel 

tower 

 

Fig. 3.3 Versions of wind turbine towers  

 

Steel grid tower of WT (Fig. 3.3, c) work in many countries of the world for more than 100 years, and 

the towers of over 100 meters high of world-famous manufacturers are continued to be produced up 

to date [19]. 

Main advantage of grid towers is in their relatively low WTght (about 3 times less than the WTght of 

tubular steel towers), and their visual perception does not create a burden on the surrounding 
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landscape. The most common tower of square cross-section are of simple design. However, due to the 

relatively high cost of manufacture, they did not get the further development. A great volume of 

manual labour makes the use of such towers in the developing world appropriate (here the cost of 

manual labour is not high). 

Reinforced concrete towers (Fig. 3.3, b) of up to 100 m high are cheaper than the steel towers, they are 

widely used particularly in Germany. Technology of tower manufacture in centrifugal molding machine 

allowed to ensure high structural strength, to reduce the size of cross sections, to reduce the risk of 

steel reinforcement corrosion due to the higher density concrete. The WTght of such towers is in 

average 300% more than the WTght of other towers. On the other hand, such a WTght limits the 

ability of wind turbine to come into resonance with vibrations of both separate elements and the 

construction as a whole. 

However, at present, the most widespread technology is the technology of tubular steel towers (Fig. 

3.3, a) production. Since 1993 such towers have obtained a standard version and have been used in 

95% of cases of medium and high power WT construction. Decisive role for it was played by the cost 

of production and transportation conditions. 

There are also mixed types of towers (Fig. 3.3, d). Such towers, having all the advantages of reinforced 

concrete towers, are a compromise solution, connected with the complexity of concreting at high 

altitudes [19]. 

3.2.3 Foundations of wind turbines 

The foundations of wind turbines can be of three types [19]: 

 monolith reinforced concrete foundation; 

 pile foundation; 

 pylon foundation. 

 

 

 

Fig. 3.4 Types of foundation: a) reinforced concrete foundation; b) pile foundation 

 

Depending on the type soil, wind turbine foundations usually have a form of a plate, based on 

ground or pile basement. In the latter case, piles are to be fixed into plate. Pile foundation plate can be 

high, based on the ground or recessed.  

a) b)
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Fig. 3.5 Variants of shelf foundations for offshore wind turbines 

The most efficient shape of the plate (in terms of work) is a round one. Sometimes, in order to 

simplify of production works) the plates of square shape are used. 

Foundation of offshore wind turbines also has several configuration solutions, depending on the 

composition of shelf soil, ice presence, etc. 

3.3 Offshore wind farms 

When choosing the location of a wind power plant, the main criterion you should consider is  mean 

annual wind speed. The higher this index, the more effective the wind turbine will be (thus, the more 

stable power supply to the consumers will be). That’s why offshore wind farms attract the most 

attention. 

Offshore wind farms can be located in the sea, near a large industrial center, thus reducing the cost of 

electricity transmission via the mains. At that, when located 10-12 km away from the coast, offshore 

wind farm will not spoil seascapes. 

But despite the advantages of offshore wind energy industry there is a huge drawback: the construction 

of offshore wind turbine is more expensive than the construction of on-land equipment, so it is paid 

off only if the wind energy plant generates enough power. For example, the installation of the 

foundation of on-land costs several times less, than the installation of the fundament for offshore wind 

turbines. Therefore, according to REN21, the cost of a kilowatt-hour for wind farm of power of more 

than 1.5 MW for on-land wind parks is 5-9 US cents, and for offshore wind farms – 10-14 US cents. 

Experts offer to reduce the cost of energy, produced by wind turbines, due to an increase of wind 

turbine dimensions. But it leads to a lot of question, connected with strength. For example, the length 

of some models blades exceeds 45 meters, and with further increase of this length the requirements to 

their strength properties are also increased. 
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An operation and maintenance of offshore wind farms are more difficult and expensive, than on-land 

wind parks. Sea conditions make installation, commissioning, maintenance and repair more 

complicated and it is the main problem. In winter, wind power plants may be not available for 

maintenance during a few days in a raw (at heavy weather and poor visibility).  

But, nevertheless, the development of this industry is continued, and more and more solutions for 

offshore wind turbines are offered. 

Even now there are development of floating wind turbines, not requiring the installation of the 

foundation. 

Table 3.1 Status and prospects of offshore wind farms construction 

№ Country 

Established Capacity, MW 

During 2003-2004 End of 2008 Plans till 2015 

1  Belgian 30 216 1446 

2 Great Britain 590,8 1872,8 8755,8 

3 Germany 12 1795,5 10927,5 

4 Denmark 409,15 648,4 1276 

5 Ireland 25,2 547 1603,2 

6 Spain 0 20 1976,4 

 Italy 0,08 162 827,08 

7 Canada  20  

8 Netherlands 256,8 246,8 2833,8 

 Norway 0 3 1553 

9 Poland  120 533 

10 USA  472,5  

11 France  105 1070 

12 Finland 24 207 1330 

13 Sweden 133,3 298,3 3312 

 Total  9350,2  

 

Source: Renewable Energy World 

EWEA  The current status the wind industry 
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3.3.1 How does an offshore wind farm work 

The principle of operation of offshore wind farm does not fundamentally differ from principle of on-

land wind parks operation. The only difference is in operation conditions. Offshore wind farms need 

to have an increased protection against aggressive environments, i.e. against salt water, which affects 

the requirements to some materials. 

As a rule, most offshore wind farms are located along the coast line, where the wind speed is greater 

than on land. However, the sea environment is a source of critical climate impacts, such as corrosion 

and extreme temperatures, which leads to the need for mandatory certification on safety and mean 

time between failures. For the construction of these wind farms great investments of time and money 

are required, besides the designers have to choose high quality equipment with specialized functions.  

Electrical lines and control lines are buried into the seabed. Sometimes the first windmill can be 

located more than 3 km from the control center. Poorly designed network can significantly increase the 

cost on cable system. That’s exactly why an identification of a good installation site for each wind 

turbine, as well as reliable organization of communication network (with a continuous exchange of 

data) can be of great value to reduce maintenance costs [4].  

Price of electricity meters, or for regular maintenance can be very high. This is especially important 

because for such deliveries it is necessary to use vessels or helicopters. Traditionally, maintenance 

technicians had to be lowered down to the platform of wind turbine from helicopters with the help of 

winch - if seaway is too strong and it’s impossible to get closer to the platform. But, first of all, the 

leasing of a helicopter or a vessel is quite expensive, and secondly, it’s highly dangerous to send 

technical engineer to the site this way. Moreover, if the weather is particularly unfavorable, works at a 

wind turbine can be postponed for an indefinite period of time. Creation of reliable control network 

with SCADA system (Supervisory Control and Data Acquisition) could greatly simplify wind turbines 

control and management [1,2].  

Ethernet is an ideal solution for the reduction of total cost of organization and exploitation of a 

communicational network. Using Ethernet, engineers do not need to learn special data exchange 

protocols, which are usually offered by separate producers for exorbitant prices. Engineers can also 

concentrate their attention to the definition of the functions and features, required for this project.  

 

Fig. 3.6 Typical configuration of wind turbines control network (I)  
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Fig. 3.7 Typical configuration of the network (II)  

3.3.2 Construction of offshore wind farm 

Wind turbine is installed on the foundation (1). An incoming wind flow under the influence of aero-

dynamical forces rotating the blades (2), which are mechanically connected to the transmission 

(multiplier) and the generator, located in the gondola (3). The generator generates electricity, 

transferred via undersea cables first to the offshore transformer (5) and then to the sub-station (6), 

located on the sea shore [15,19].  

 

Fig. 3.8 The construction and operation of offshore wind farm 

Depending on the type and depth of the surface, there is a variety of foundations [15].  

 

Fig. 3.9 Variety of offshore wind turbine foundations  
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3.3.3 Vessel for offshore wind turbines foundation installation  

One of the vessels, used for the installation of foundations, is  Resolution vessel, especially designed 

for this purpose. It is equipped with 6 pillars, which are lowered down to the sea bottom and stabilize 

the vessel, thus providing a stable platform for turbine installation to a preliminary prepared site. Once 

turbines are installed, TIV Resolution falls down onto the water and goes to another location, where 

this process is to be repeated.  

 

Fig. 3.10 Vessel for installation of offshore wind turbines foundations  

3.4 Main Stages of Wind turbine Design 

Process of wind turbine design is complicated and time-consuming. It is to be carried out by experts of 

various areas of science and technology, such as aerodynamics, engineering, materials technology, 

electrical engineering, etc. At the same time, design of wind turbine takes a long period of time, starting 

from strategic decision, from which the future and commercial success of the project depend on.  

One of the main features of wind turbine design is that of the process consists of several phases, each 

of which is to be carried out by means of different design methods. As a rule, the entire design process 

from conceptual design to the development of design documentation and development of the first 

prototype of modern wind turbine of megawatt power class, ready for testing, takes  1.5 - 2 years.  

Wind turbine design phases can be divided into [15]: 

 determination of wind turbine basic parameters. At this stage, it is necessary to make a 

decision about: the rated power, type of wind-wheel rotation speed regulation; power and 

loads; type of reducer (if any); type of generator; wind turbine class (I, II, III, S); auxiliary 

equipment structure. During this phase it is necessary to perform a preliminary assessment of 

load values; conceptual design of wind turbine, a preliminary calculation of WTght-

dimensional characteristics of wind turbine, as well as to evaluate the operation safety factors, 

in accordance with the applicable standards, etc.  
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 calculation of static and dynamic loads, influencing  wind turbine elements. At this 

stageit is necessary to: choose a calculation design model and software, perform the 

classification on design events and load combinations, as well as a preliminary calculation of 

expected loads on wind turbine elements.  

 design and calculation of mechanical parts and components of wind turbine. At this 

stage it is necessary to perform wind turbine elements and parts mechanical calculation and 

design.  

 clarification of loads, affecting the elements of wind turbine. At this stage it is necessary 

to perform a clarification of loads, identification of non-desirable resonance tendencies, 

evaluation of mechanical interactions of wind turbine elements, using parameters, obtained 

during the stage of design and calculation of mechanical parts and components of wind 

turbine.  

 modernization of mechanical parts and components. The purpose of this design phase is 

to make any necessary changes and finalization of mechanical parts, assemblies and structures, 

as well as in the production and assembly of a prototype. During this stage the manufacturing 

procedures and quality procedures are to be performed.  

 development of electrical part and control. At this stage there must be designed an 

electrical part of wind turbine, control circuits and algorithms, as well as design of electric 

circuits control bodies and main electrical and technical equipment are to be performed.  

 manual production. The result of this stage performance is a creation of operator's and 

operation manuals. 

 technical examination of project documentation. The draft undergoes extensive technical 

expertise in the compliance with the conditions and requirements of the project realization, 

indicated in applicable standards of the manufacturer’s country.  

 technical expertise of the prototype. WT prototype is tested for stability at the worst 

possible climatic conditions, as well as for general operation within the operating range of 

wind flow speed. The measurements are to be made in order to generate power on contact 

brushes, main shaft, etc. Electromagnet interference and noise level of WEU are also must be 

measured. Technical expertise must be performed by a third party, which has all the necessary 

certifications to do so.  

 patching. After having identified errors and inconsistencies during the technical examination 

of the prototype, it is necessary to introduce all the necessary corrections and changes.  

 assessment of manufacturing conditions. The assessment is to be performed in order to 

perform the guarantees, that the production process will be held in accordance with the 

specifications.  

 obtaining a certificate. As a result of satisfactory estimates, obtained during the qualification 

phase of project documentation, technical expertise, prototype evaluation and  operation 

environment assessment the company got a certificate, entitling the mass production and sale 

of WT.  

3.4.1 Placement of wind turbine 

 Selection of optimal sites of wind turbine location is one of the major challenges in wind power plants 

designing. The solution of this challenge is based on estimations of the volumes of mean power, 

produced by a WT in a specified site. Final choice of installation site is performed, taking into account 

such factors as an availability of alternative energy sources, transmission lines and distribution sub-

stations, land use conditions, etc.  

The procedure of wind turbine installation site selection, proposed in this work, includes in some 

degree the following stages of work [15]:  
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 determination of appropriate regional wind climatology;  

 determination of the effect of surrounding area roughness;     

 determination of the effect of nearest shading obstructions;  

 determination of the effect of a local relief;  

 building a resulting WTbull distribution graph;  

 calculation of mean power, on the basis of WTbull distribution and wind turbine 

characteristics power. 

3.5 Wind flow characteristics 

              To systematize the characteristics of wind energy in a specified region, in order to use it 

effectively, as a rule, wind energy cadastre, which is a set of aerological and energy characteristics of the 

wind, is to be created. It allows to define the energy value of the wind, as well WT feasible parameters 

and modes of operation.  

The main characteristics of wind energy cadastre are [5, 9,15]:  

 average annual wind speed, annual and diurnal wind flow; 

 dependence of mean speed of wind from the height;  

 maximum wind speed;   

 speed repeatability, types and parameters of speed distribution functions;  

 power and wind energy density;  

 wind energy resources of the region.  

Sources for background information for wind energy cadastre are [9,17]:  

 meteorological stations, at which the measurement of all climatic parameters, including wind 

speed, are usually measured four times a day. Modern meteorological stations perform the 

measurements  are performed at 8 rhumbs, i.e. directions with respect to the parts of the 

world: the North, the South, the East, the West (4 directions) and between them: the North-

East, and so on (4 directions).  

 continuous monitoring meteorological stations are usually constructed on prospective WT 

installation sites.  

 probes and balls, periodically launched to different heights from certain stations, called 

aerological stations.  

Globally, the wind flow is air mass movements relatively to the ground, appeared in the atmosphere by 

the pressure difference in various areas. For energy use of surface wind flow (up to 200 meters above 

ground level) it is necessary to know the specific kinetic energy of the wind flow, i.e. the energy of air 

mass of density (ρ, kg/m3), and speed (V, m/s):  

                                                             
2

Vm 2
уP                                                   (3.1) 

Mass (m) of wind flow with density (ρ, kg/m3), moving with speed (V, m/s) can be expressed as m = 

ρ ∙ V, then (3.1) will be: 

                                                                   3

2

1
VPy                                                    (3.2)  

Air density under normal conditions (n.c.) is 1.225 kg/m3, i.e. power density of wind flow (of speed of 

15 m/s) is ≈ 2000 W/m3. 
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Let’s consider the speed of wind flow (V) more thoroughly. Having analyzed (3.2), we can conclude, 

how much the power density of wind flow is dependent on the speed of the wind flow (third degree). 
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Fig. 3.11 The power density of wind flow  

In practice, it means that 10% error in estimation of wind flow speed will result in ~ 30% of error in 

power, and, consequently, in energy generation. Here you need also include the variability of wind, due 

to the nature of its occurrence. Thus, it’s very important to understand, that in order perform a reliable 

assessment of WT exploitation potential at a particular site, it’s necessary to have wind mode data at 

this exactly site. In wind energy industry it is common to operate with wind flow parameters of at 

sufficiently large areas (sometimes at entire regions). Having the data of wind modes, collected form 

meteorological stations, located a several tens of kilometers from wind park  installation, they can be 

considered representative, i.e. reliable for site consideration.  

Another feature of wind flow, causing some difficulties to the determination of reliable  wind flow 

speed value, is its unstable and random nature. Strictly speaking, there is no way to predict what value 

of speed (V) there appeared in a few seconds. Thus, in  wind energy industry it is accepted that wind 

flow speed consists of two components – averaged and pulsated. If for wind speed calculations there 

used a volume of wind flow  speed V = 2 m/s, in practice, it means that instantaneous wind speed in 

the short period of time is around the value of 2 m/s (as well as differ from the value significantly).  

From the above-said it is clear that in order to use the value of instantaneous wind speed for wind 

energy calculations, direct observation at the site of supposed wind turbine installation, performed at 

regular intervals, is required.  

Moreover, these observations must be conducted for a significant time period (several years). It is 

believed, that a number of observation series, consisting of 3 observations (every three hours), 

performed during 3 year, will be representative and reliable. 
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In cases of complex terrain and underlying surface at the site of supposed installation of wind turbines, 

as well as in case of absence of meteorological observations in close proximity of the site, there can be 

used average statistical speed of wind flow, and their distribution function f (V). The functions are 

approximated by various analytical dependencies or tabulated distributions, obtained as a result of 

statistical analysis of meteorological data of the region of supposed site of wind turbine installation. 

Using distribution functions probability density curves are to be built. At that averaged values of wind 

flow speed are taken as a basis for modeling. 

3.5.1 Average wind speed 

The main characteristic of the wind, determining its intensity and wind energy usage effectiveness , is 

an average speed. Average wind speed characterizes the wind potential of the area. It is defined as the 

mean arithmetic of all the observed wind speeds throughout the year. Average wind speeds can be 

calculated for any other periods, such as per month, per day, per hour [9].  

In order to obtain reliable data about average wind speeds, defining its energy capacity, it is necessary 

to answer the question about the speed (i.e. the necessary volume and length) of the measurements. 

Generally, with an increase of obtained data volume, the accuracy and reliability of the calculated 

average values is increased. For numerical evaluation the coefficient of average speeds variation is used 

(this coefficient usually decreases with an increase of an averaging period, it means that, for example, 

average many-year speed has a smaller spreading, than average many-year monthly speed. 

3.5.2 Dependence of average wind speed from the height 

In steady wind flow wind speed increases with height above the ground. Usually, recording devices at 

the meteorological stations are installed at altitudes of 9 - 20 m. At the same time the axis of modern 

WT can be placed on different altitudes in the surface layer of about 100 m thick; there were made 

some suggestions to install wind turbines on the aerostats. Therefore, in order to evaluate the 

effectiveness of wind flow usage, it is necessary to establish vertical profile of wind speeds. 

Table 3.2 shows the ratio of average speeds at different heights to an average speeds at 10 m high for 

different seasons, reliable for flat terrains: steppes, tundras, deserts. 

Table 3.2 Coefficient of average speed increase, depending on the height, and exponent index (m) 

Season 
Height, m 

10 20 40 60 80 100 

Winter 1 1,12 1,26 1,35 1,43 1,50 

Spring 1 1,17 1,36 1,50 1,59 1,66 

Summer 1 1,18 1,40 1,55 1,67 1,76 

Autumn 1 1,12 1,26 1,35 1,43 1,50 

Total 1 1,15 1,32 1,44 1,53 1,60 

m* for lakes and seas coasts, as well as for the upper slopes, variable part of the coefficient, after the comma, is 

to be decreased by 1.5 times. 

3.5.3 The maximum wind speed 

The maximum wind speed is a basic value, used for WT stability calculation. Maximum speed  naturally 

varies at the altitude of a vane and the altitude of wind turbine headroom. Meteorological stations 

record maximum wind speeds, possible for once during the specified number of years, for example 1-

5-10-20 years [9].  
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Maximum standardized value of wind speed at the altitude of a vane, possible for during the specified 

number of years for the specified region is listed in SNiP References. 

Normative speed pressure, according to SNiP is: 

                                                            2

max
2

1
q V                                                           (3.3) 

where  is air density 

Maximum speed in (3.3) must be taken averaged for 2-minute interval. However, an average value at 

the altitude of a vane cannot be calculated, so the maximum speed is to be found via an amendment 

coefficient α. 

                                              
изм max.V

S
75,0                                                         (3.4) 

Considering the amendment: 

For the calculation of wind turbine strength and stability it’s necessary to consider wind gusts and 

dynamic amendment (coefficient) to speed pressure, caused by them, which is determined by the 

formula: 

                                                          
t

str
V

К
maxt,V

                                                          (3.5) 

where VΔt, max is maximum wind speed, averaged for a longer period of time Δ t << t 

3.5.4 Air density 

Another important parameter for wind turbine calculations is the density of air, forming the wind flow. 

Air density can have a significant impact on the power of the wind flow. For normal conditions 

(atmospheric pressure is 101325 Pa = 760 mm Hg, air temperature is 273.15 K = 0 °C) air density is 

1.225 kg/m3. Directly on site air density can be found with the formula: 

                                                              
TR 

 atmР
                                                           (3.6) 

where Patm is an atmospheric pressure, Pa; T is the absolute temperature, оK; R is gas constant of dry 

air, 287.05 J/(kg∙K). An analysis of diverse climatic conditions showed, that in cold regions air density 

can be higher than accepted value of air density at normal conditions (it can reach 1.6 kg/m3) and in 

areas with warm, moist air density can be reduced down to 1.1 kg/m3 

3.5.5 Vertical distribution of wind flow speed  

Advanced practice of mathematical modeling of wind flow speed profile in the surface layer has the 
following types of interpolations [15]: 

 exponential ; 

 linear; 

 logarithmic.  

An exponential interpolation uses an expression: 
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where фV  is a speed at the altitude of observations (usually at the standard altitude of the vane of 

meteorological site, as a rule фz = 10 ... 12 m); z is an latitude, at which it is required to determine the 

wind flow speed; α is a profile index.   

Linear interpolation uses the formula: 

                                                                 bza (z)V                                                        (3.8) 

where a and b are empirical parameters, not related to each other by any dependencies, but depending 

on the different thermal stratifications, as well as physical and geographic conditions of the area.  

Logarithmic interpolation, according to Monin-Obukhov theory for neutral stratifications, is: 
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where 
*V is a speed scale, equal to ; τ is a vector of the shear stress in the horizontal plane; k is 

Karman constant, equal to 0.4. 

According to international standards IEC 61400-1 it is recommended to use interpolation (3.3) for 

wind energy technical needs. This is due to the relative simplicity of this interpolation and sufficient 

accuracy of obtained wind flow profile.  

3.5.6 Wind flow power density  

Power density of wind energy flow is equal to the energy, transferred by the wind for a time unit time 

through area unit, perpendicular to wind speed vector. For stationed air flow at the speed of V (m/s) 

power density P(v), (W/m2) is: 

                                                                                                                             (3.10) 

where  (kg/m3) is air density.  

For background zoning of plane territories, in view of wind flow power density, the data of 

meteorological stations, located on an open area, on plane or convex landforms (class of openness by 

Milewski is 6b and higher) are used. According to this principle for the zoning of European part of the 

former Soviet Union and Western Siberia about 420 meteorological stations were selected and thus 

there were found regions, corresponding to the following six ranges of wind power density (W/m2), at 

the altitude of 10 m [9]:    

 < 75.2; 

 75 - 125.3;  

 125 – 250;  

 250 – 500;  

 500 -1000; 

 10 00 – 1500.  
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3.5.7 Betz limit and determination of established power of WT  

The coefficient of wind energy usage (Cp) depends on a number of design features, but, in the end, on 

blade profile and on the degree of its roughness, as well as on the ratio between blades rotation speed 

and the wind speed, called the rapidity coefficient. This coefficient ultimately determines the economic 

efficiency of wind turbine [5].  

Independently a foreign scientists (A. Betts) and Russian scientist (N. Y. Zhukovsky) in the early 

twentieth century, defined the maximum value of Cp coefficient (0.593). It means that even ideal wind 

turbine must pass by approximately 40% of in-coming flow energy. 

Thus, taking into account the concept of wind flow energy coefficient (Ср), we can calculate the power 

of each wind-wheel, according to the formula: 

                                                                 
pWT CР  3V

2

1
 ,  [W]                                           (3.11) 

where S is a swept-by area of a wind-wheel (HAWT S = π∙R2). 

For serial, modern wind turbines, according to data sheet of the manufacturers, the maximum C p is in 

the range of 0.45-0.52. 

In order to find electric power of wind turbine, (3.11) should be multiplied by the product of 

mechanical (reducer, bearings, etc.) and electrical (generator, transformer, etc.) efficiency of elements 

of WT power tract. Thus, the final formula for the calculation of output electrical capacity of wind 

turbine is: 

                                             
генмехpWT CР  

2

R
V

2
3                                       (3.12) 

Usually, for modern wind turbines overall efficiency of elements can be take within the range of 0.90-

0.95.  

Since the value of electric power, generated by WT, is proportional to cubed wind speed, the total 

established power of wind turbine (PWT) must be determined, according to average month wind speed 

(VAV. MON) at the site of wind turbine installation, minimum speed during a year and working speed of 

WT, at which it generates rated power. 

When VAV. MON< V R ,  
3

M O N AV.

3

R

V

V
 РРWT

 

When VAV. MON>V R ,  ,  РWT = P 

where P - established power of an autonomous object of power supply, kW  

For modern constructions of wind turbine value of VR is: 

VR =7,0-12,0 m/s. 
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3.5.6 Wind wheel rapidity  

Rapidity of wind-wheel (λ) is defined with the help of the formula: 

                                                                 
V

R



 ,                                                         (3.13) 

where ω is angular speed of wind-wheel (rad/s), R is a radius of wind wheel (m), V is an averaged 

speed of wind flow (m/s) 

Rapidity determines a number of pole pairs of the generator, i.e. its overall dimensions and 

consumption of materials. The higher the rapidity of wind-wheel, and the less of the generator pole 

pairs, therefore, the smaller its size. In addition, with an increase of wind-wheel rapidity the frequency 

of generated electric current is closer to the standard frequency in the energy system (~ 50 Hz) [15]. 

Compared to other energy installations wind turbine is considered low-speed. Thus, even for the 

quickest wind-wheels the generation rotation speed can be insufficient in order to get generated 

frequency qualitative current. In contemporary practice of WT design, the frequency of generated 

current is increased by the use of reducers (a gear box, increasing the generator shaft rotation speed), 

as well as by the usage of multi-pole generators of large diameters. Electrical circuits, increasing the 

frequency of the alternating current, can also be used . However, all these technical solutions are 

connected with an increase of wind turbine consumption of materials, so the rapidity is still a key 

criterion for the selection of WT type. 

3.5.7 Wind turbine power  

Abroad, there is the classification of wind turbine, main parameters of which are shown in the Table 

3.3.  

There are two methods of power regulation. First method is to turn the blades, relatively to the wind 

direction, thus changing so called 'attack angle’ (an angle at which the wind hit the blade, which 

influences the lift of the blade, which is converted into its rotation. In English this method is called 

‘pitch-regulation’ (because the blade is forcibly ‘pitched’ to a certain position). Wind turbines with 

blade rotation function can be used for the power control (both depending on the wind speed, and on 

the dispatcher’s instructions) [5].  

At that, the highest possible power is defined by the wind speed.  

Table 3.3 Classification of wind turbines on main parameters 

WT Class 
Power Range, 

kW 
Wind Wheel Size 

Range, m 
Wind Wheel Rotation 
Speed Range, min-1 

Very Small 
0,025 - 1 0,5 -2,5 500 - 2000 

1,5 - 10 3,0 - 0,9 200 - 500 

Small 
20 - 60 10 - 15 92 - 140 

75 - 150 18 - 24 40 - 60 

Middle-size 200 - 300 26 - 30 40 

400 - 500 35 - 40 30 - 35 

Big 600 - 750 43 - 48 30 

900 - 1300 50 - 64 20 - 32 

Very Big 1500 - 3000 70 - 90 15 - 20 

4000 - 6000 105 - 124 13 - 15 
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The second method is that the profile of the blade is performed of the different length. As a result, 

when the wind speed is increased on several parts of the blade, there occurs the flow disruption and 

blade lift is being decreased. Thus, even if the wind speed is higher than the rated speed, the wind 

turbine power can be kept equal to the rated power. The method is called ‘stall’ (because part of the 

flow is ‘stalled’ and does not work). At WT of this type the power cannot be regulated forcibly. And it 

is a drawback of this method. But the advantage of the method is that you do not need a complex 

mechanism of blades rotation. Nevertheless, almost all powerful wind turbines use the first method.  

3.5.8 Selection of the type of modern wind turbines 

              Using the wind flow energy usage coefficient and rapidity, we can analyze the graph, shown in 

Figure 3.12. 

  

Fig. 3.12 Typical dependence of the wind energy usage coefficient (Ср) from wind-wheel rapidity (λ): 1 

- perfect wind-wheels; 2,3 and 4 – two-, three-, and multi-blade horizontal-axis wind-wheels; 5 - 

Darrieus rotor (vertically-oriented lift using wind-wheels); 6 - Savonius rotor (vertically-oriented wind-

wheels, using resistance force); 7 – four-blade wood mill wind-wheels.  

From the graph we can make a conclusion, concerning the reason why in modern wind energy for 

electricity generation, in most cases there used three-blade HAWT, using the lift. Wind wheels, using 

the lift, have a higher coefficient of wind flow energy usage, then the wind turbine, using resistance 

force. But, following the logic of rapidity maximization, two-bladed wind wheels have the better ratio 

of λ and CP, but they are used very rarely, in industrial wind energy industry are not used at all. There 

are two reasons for it:  

 at too high λ there can occur such conditions at which the peripheral speed of the blade end 

exceeds sound speed in air (~ 331 m/s) and goes to the flutter mode;  

 two-bladed wind-wheels are subject to complex dynamic loads, the occurrence of which is 

connected with the presence of two (the same with the number of blades) orthogonal gravity 

centers.   

3.6 Method for determination of climatic characteristics of the wind at 

the specified site  

Climatic parameters of WPP at the specified site are modeled, using many-year data of one or more 

stations, representative for defined region, located, if possible, in areas, similar to the defined site 
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(which is especially important for areas of type 5, i.e. for mountainous and coastal areas). It is desirable 

that the distance to the chosen station does not exceeded 100 km from the considered site.  

The list of reference data from basic meteorological stations must include [17]: 

 description of the local environment conditions around the station; 

 rows of initial urgent many-year data; 

 climatological characteristics of the wind. 

During  the analysis of initial data there can be discovered some local wind characteristics, such as the 

presence of special wind directions caused by topography (mountain gorges and valleys, river banks, 

etc.), giving an increased wind repeatability in certain directions (often opposite ones). 

3.6.1 Terrain openness class 

When using meteorological data on average speed of wind, it is necessary to take into consideration 

that the data is relevant to the particular relief and landscape conditions in the area of meteorological 

station location, as well as to a particular altitude above ground (vane height) For different stations 

such conditions can considerably differ. Therefore, it is common to bring the values to an average 

minimum wind speed at comparable conditions for open and flat terrain. 

The issue of terrain conditions consideration was examined in many studies, which led to the 

appearance of various classifications of terrain openness, the most famous of which are Milewski, 

Podtiagin and Grinevich classifications. In spite of some differences, all the classifications they have a 

common property – a linear dependence of a coerced average annual speed from a number (a 

coefficient). 

3.6.2 Surface roughness  

The roughness of a certain surface area is defined by the size and location of roughness elements. For 

land surface the basic elements of roughness are usually vegetation, built-up areas and the type of soil. 

Mainly different forms of surfaces are classified according to five types, each of which is characterized 

by own roughness elements [37]. 

 

Fig. 3.13 An example of a terrain, corresponding to “0” roughness: stretches of water (z0 = 0.0002 m). 

This class describes surfaces of seas and large lakes. 

 

Fig. 3.14 An example of a terrain, corresponding to “1” class of roughness (z0 = 0.03 m): flat (perhaps, 

slightly hilly) and open spaces with few obstacles to the wind in the form of rare farms, trees, shrubs. 
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Fig. 3.15 An example of a terrain, corresponding to “2” class of roughness (z0 = 0.1 m): agricultural 

land with protected stripes and constructions (an average distance between them is not less than 1000 

m). The surface is flat or slightly hilly with numerous buildings and trees, as well as large open spaces 

between them. 

 

Fig. 3.16 An example of a terrain, corresponding to “3” class of roughness (z0 = 0. 40 m): urban and 

rural areas, forests and agricultural land with lots of protected stripes with an average distance between 

them of about hundreds of meters. 

 

Fig. 3.17 Landscape (type 1): plains, water areas and low-lying areas, away from the mountains. Wind at 

ground level is changed only under the influence of the surface roughness and shadowing obstacles. 

 

Fig. 3.18 Landscape (type 2): slightly hilly areas, away from the mountains. Typical horizontal sizes of 

hills –up to a few kilometers. Wind near the ground surface changes under the influenced of a variable 
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roughness, shadowing obstructions, in dependence on the terrain, for example, due to the wind flow 

acceleration on hilltops. 

 

Fig. 3.19 Landscape (type 3): highly hilly and elevated surface with typical horizontal sizes of hills – 

about a few kilometers. Wind at the ground surface changes in accordance with the topography, as in 

the case with the landscape (type 2). Orthographic features of a larger scale can cause severe 

restructuring of the whole boundary layer of the atmosphere. 

 

Fig. 3.20 Landscape (type 4): foothills. In such areas there are very specific and stable systems of wind 

flows, such as hairdryer, bise, boron, mistral. These winds are formed under the influence of thermo-

hydrodynamic effects for specific mountain valleys, ravines, slopes, elevation changes, etc. 

 

Fig. 3.21 Landscape (type 5): highland massif, cut by deep valleys. Winds on the tops, in their 

properties, are close to free atmospheric winds of this region. Winds in the valleys are defined mainly 

by thermal and stock effects, they correlate poorly with free atmospheric winds.  
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Surface roughness is accepted to be characterized by quantitative parameter (z0), called the ‘roughness 

parameter’.  

Roughness element is characterized by height (h) and its cross section (S). For roughness elements, 

distributed more or less evenly over the area, an additional parameter is introduced: area per an 

element (AH). Then z0 can be described by the formula: 

                                                               

HA

Sh 
 5,0zo

                                                      (3.14) 

This formula is true if AH >> S. If AH and S are comparable, formula (3.14) gives an increased values 

of z0, due to the fact that the air flow as if rises above the closest roughness elements. 

This formula is based on the assumption, that roughness elements permeability is close to zero, which 

is true for continuous and solid elements. For permeable elements the roughness of surface (z0) in 

(3.14) must be decreased proportionally to the permeability coefficient. 

The relation between the roughness parameter, surface characteristics and the class of roughness gives 

Figure 3.22. 

 

Fig. 3. 22 Relation between the roughness parameter, surface characteristics and the class of roughness 

City 
Forest 

    Classification of Underlying Surfaces                             Class of  
                                                                                              Roughness 

Suburbs 

Shadowing stripe 

Trees and/or bushes 

Closed agricultural land 

Open agricultural land 

Agricultural land with lots of constructions, trees, 
etc., airports areas with constructions and trees 

 

Airport runways 
Meadow 

 
Bare surface 
 
 
 
 
Snow surface (smooth) 
 
 
 
Sand surface (smooth) 
 
 
 
Body of water 
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Classes of roughness are marked by vertical segments. Central mental points are reference values, and 

the length of the segment indicates the typical range of an error at the roughness assessment. 

The roughness parameter for the surface, covered with vegetation, can vary, depending on the wind 

speed by stems inclination or leaves. 

On Fig. 3.22 the classes of roughness are marked by vertical segments. Central mental points are 

reference values, and the length of the segment indicates the typical range of an error at the roughness 

assessment. 

The roughness parameter for the surface, covered with vegetation, can vary, depending on the wind 

speed by stems inclination or leaves. A similar effect occurs for bodies of water, due to the dependence 

of height and shape of the waves from the wind speed, found in [Cha] for the reasons of uniformity at 

the effects of viscosity and surface tension of water neglecting:  

                                                                 
g

ub *

oz


                                                           (3.15) 

where b ≈ 0.014 is an empirical constant, g is an acceleration of and u* is a dynamic speed 

In order to describe the roughness of water surfaces, the value z0 = 0.0002 m is mainly used (which is 

close to the value of z0 from (3.15) at average and big wind speeds). 

In general, the roughness parameter should be considered as a seasonal parameter, depending on the 

presence leaves, vegetation, snow cover, etc. (which must be taken into account should be taken into 

account when determining the development parameters of wind turbine). 

3.6.3 Determination of the wind energy potential of the region  

Assessment of wind energy resources in a given region means the prediction of the performance of a 

large number of wind turbines, located at this territory. Such researches can be performed with 

different degrees of accuracy. Ideally, such work must be based on a detailed definition of wind energy 

potential (WEP) at sites of possible wind turbine location [34]. 

As an example, Figure 3.23 shows the source material for the definition of the number of WT, which 

can be installed in Denmark. For this there were used 100 maps of various regions, representing the 

whole country (scale is 1:50 000). 

 

Fig. 3.23 An example of a map with shadowing stripes, trees groups, farms, villages and plantations. 

The map covers the territory of 22x28 km. 
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In addition to determination of typically regional values of WEP, the maps were used for the selection 

of installation sites for single wind turbines and wind turbine parks. 

The preparation of sufficiently detailed maps of roughness surfaces, such as the map in Figure 3.23, is 

a very tedious task, especially if it is a map of large region. That’s why an estimation of average regional 

values of wind energy potential, local details are usually not described. 

3.6.4 Peculiarities of wind energy potential in coastal areas 

Wind regime and the value of WEP in coastal areas are mainly determined by two factors: changes of 

roughness and thermal contrast of land and sea. The width of coastal zones, in which the effect of the 

water surface is quite significant, vary in dependence on the climate and topography. 

  

Fig. 3.24 Average power density of the wind at the 

altitude of 50 m, calculated for the two coastlines, as 

a function of the distance to the North Sea in the 

Netherlands for two different classes of land surface 

roughness. The coast is oriented from the south-west 

to the north-east, and the area belong to the 1st 

(upper line) and the 3rd class of roughness (bottom 

line), respectively. Across - the distance from the 

shoreline, km. Down – the relative power of the wind 

flow, kW 

Fig. 3.25 Average power density of the wind at the 

altitude of 50 m, calculated for the two coastlines, 

as a function of the distance to the Mediterranean 

Sea in France. Two coastlines are located in the 

area of Mistral effect, one of the coastlines is 

perpendicular (bottom line), another one –s in 

parallel (upper line) to the direction of the mistral. 

The area corresponds to the first class of 

roughness. 

In Figure 3.24 and Figure 3.25, as an example, there shown dependences of average power of wind at 

the altitude of 50 m, at distance from the shoreline for two climatically different coastal zones: the 

North Sea coast in the Netherlands and the Mediterranean Sea in France. 

The first example shows that the restructure of the wind, corresponding to the conditions of an open 

sea, takes place at a distance of about 10 km, (and to the conditions of the land (more sharply) - at a 

distance of about 4 km). The second example shows the conditions on the Mediterranean coastline, in 

France, where a local wind (Mistral) influences greatly. The two coastlines are perpendicular and in 

parallel to the Mistral, respectively. 

Many coastal areas have a common phenomenon - the occurrence of coastal or sea breeze. See breeze 

is a local wind, blowing from the sea to the land, it is caused by the temperature difference (when the 

sea is colder than the coastal land); it is more strong in sunny, summer days. Coastal breeze blows in 

the opposite direction, at night and it is usually weaker. Due to low speed of wind, caused by coastal or 

sea breeze, the value of WEP of coastal zones, as a rule, is not sufficient enough for its practical 

development. 
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4. Environmental aspects of wind energy 

The impact of wind turbines on the environment and the development of environmental and 

compensatory measures has been studied in this country to a much lesser extent than the scientific and 

technical basis for wind turbines, their construction and operation. Wind turbines are seen in idealized 

way as the source of clean energy, but it would be more correct to consider them at the angle of 

mitigated impact on the environment compared to conventional generators of electricity.      

Table 4.1 The impact of power plants on the environment    

Types of impact Wind Nuclear Coal Gas 

Global warming No No Yes Yes 

Water pollution with heat or  

harmful emissions 
No Yes Yes Yes 

Air pollution No No Yes Limited 

Mercury pollution No No Yes No 

Solid waste No Yes Yes Yes 

Environment as a whole Limited Limited Yes Yes 

 

Environmental assessment of wind power projects must be determined by the array of all factors of 

the environmental impact whilst the costs of providing the required level of environmental cleanliness 

of wind turbines should be considered in the calculation of the economic efficiency of development 

and operation of wind turbines.  

Environmental impacts of wind turbines on humans and fauna that need special attention and 

evaluation can be divided into three groups [9]:   

 Active factors: Physical effects on avifauna, acoustic noise, vibration, electromagnetic 

radiation, emergencies.   

 Passive factors: Radio waves interferences; Severance (blocking) of lands, psychosocial 

("pollution" of the landscape, comfort issues,  etc.).    

 Indirect factors: Environmental pollution in the production process of wind turbines.       

 

3.1 Impact on fauna    

Extensive researches, which have been conducted to date, almost exclusively relate to the impact of 

wind turbines on birds. This is due to the fact that in advanced wind energy countries (Western 

Europe, Great Britain), most of wind turbines are constructed in places with most ample wind energy 

resources – such as coastal areas, river mouths, and big lakes.   These areas are places of the greatest 

concentrations of birds. Wind turbines affect birds directly when birds collide with turbine towers 

during local migrations because seasonal migrations take place at high altitude. Wind turbines also 

make the area where they are located unfavorable and unattractive to birds because wind towers 

impede their feeding, resting, and breeding.    
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Recently, at the request of the EU Commission, CEA consultancy (specialized in environmental 

challenges of energy sector) and the Institute of Environmental Biology at Leiden University 

conducted a regular study concerning the "wind turbines vs. birds." The analysis of all published 

research findings was made by the method of "black box". The research analyzed wind power 

programs implemented in Europe in terms of selection of turbine sites and feedback from major 

environmental organizations in the North Europe (Sweden, the Netherlands, Germany, and 

Denmark).  

Some researchers believe that wind turbines lined up 1km long (25 wind turbines with the capacity of 

300 kW) affect birds the same way as motorway. Studies show that a group of wind turbines with the 

capacity of 7.5 MW located in the coastal zone is no more dangerous to birds than power lines. Similar 

studies in the Netherlands found that the number of incidents with birds at 1 km of wind turbines is 

the same as for highways and by far less than caused by collisions with power lines.     

Avoiding to locate wind farms on bird migration routes and near the caves where bats hibernate, then 

the deaths of birds from collisions with wind turbines will be now and in the future no more than 1% 

of the total number of bird deaths caused by human activity. This is a summary of research conducted 

in the U.S. and Canada together with wind power specialists and biologists.   

The main causes of death of birds due to human activities in the U.S., according to these studies are as 

follows:   

 deaths caused by cats (about 1billion per year),   

 colliding with high-rise buildings (from 100 million to 1 billion per year), death from hunters 

(100 mln/year),   

 collision with vehicles (60 to 80 mln/year),   

 collisions with TV and relay towers (10 to 40 mln/year),   

 deaths from pesticides (67 mln/year),  

 collision with power lines (from 10 thousand up to 174 mln/year).    

The British Royal Society for the Protection of Birds announced that they do not attribute any 

significant number of bird deaths to collisions with wind farms. It was stated that bird deaths caused 

by wind turbines account for 0.01-0.02% of total bird deaths related to human activities.    

Specialized journal Wind Kraft Journal (Germany) notes the lack of research results based on the 

impact of wind turbines on bird fauna, and provides an example of how between the towers of the 

100-unit wind farm in Tendpibe (Denmark) large flocks of birds feed including various field birds such 

as wild geese, and on top of the towers wild birds are nesting.       

4.2 Acoustic Noise    

Globally accepted practice today is based on three documents that define the method of measuring the 

noise characteristics of wind turbines for their certification. These documents are published by 

International Energy Agency, American Wind Energy Association and the Commision of the Europen 

Communities. However, the procedures contained in these documents differ because they are adapted 

to national standards, which impedes mutual penetration of wind turbines to the markets of 

cooperating countries. So there is no doubt that unified certification procedure based on the recent 

experience of measurement of acoustic characteristics of wind turbines and ongoing research is 

needed.      
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The main sources of acoustic noise and vibration are gondola, wind wheel hub, blades and tower. 

Significant impact may be produced by resonance oscillations (especially in wind turbines with variable 

speed), noise from multiplier and efficiency of used noise reducing (insulating) elements.    

Thus, in the mechanical engineering laboratory of MITI (Japan) they conducted studies of acoustic 

characteristics of wind turbines with capacity of 15kW with wind wheel diameter of 15 m at the wind 

speed of 8 m/s. The axis of rotation is horizontal, at a height of 14.7 m. Transmission has gear (pinion 

gear) and bevel gear. Generator shaft is arranged vertically in a cylindrical metal tower that has flanged 

connections at heights of 1.0, 6.5, and 13 m from its base.       

Measurements of the natural frequencies of the tower and the acoustic characteristics of wind turbines 

in operating wind plant showed that there are fluctuations in the level of noise caused by torsional 

vibrations of propeller shaft. These oscillations occur when the transmission shaft is under small loads. 

In addition, it was found that the oscillation frequencies of gears may be in resonance with the natural 

vibration frequency of the tower. The result is a significant vibration 

As another example, the results of two studies of acoustic noise wind turbines with capacity of 2 MW 

and 3 MW were used. Primary source of noise is turbine gearbox. Factors that determine the level of 

noise, are gear type, operating conditions, design, performance, and  placement.     

Level of audible noise of planetary gear usually used for such wind turbines, can be approximately 

calculated from the empirical formula as a function of the transmitted power. Other sources of noise, 

such as a generator, hydraulic equipment and blades, are easily controlled by known methods.   

The noise measurements of wind turbines have shown that the area of the emitting part of a much 

larger than the cross-section of sound inside the cabin. This leads to an increase in the noise level at 

the base of the tower by 5 dB. For sound insulation they use double steel walls with mineral filler 

(specific surface mass 30 kg / m).  

The results of measurements of noise levels emitted by different parts of the wind turbine, show their 

relative importance:  

 Gondola =55,  

 Hub = 47, 

 Blades = 49,  

 Tower = 29 dB.   

Measurements were carried out at ground level at 115 m from the tower according to the wind 

direction. As can be seen, a relatively strong emission comes from the hub. This is due to the fact that 

it is external part of bearing and is made of steel. The radiation from the tower is relatively small, 

because it is made of reinforced concrete.  

Along with studies of individual wind turbine acoustic noise in recent years, more and more attention 

is paid to problems arising in establishing wind farm. In the Netherlands runs a research program on 

wind farms, which in addition to such important tasks as evaluation of energy loss of individual wind 

turbines in the wind farm, mutual screening of wind turbines, the loads on wind turbines operating in 

the turbulent flow, power pulsations in a wind farm, wind farm control, obstructing TV transmissions 

include noise effects of wind farms in general. This program is executed on  the basis of wind farm 

operating in the energy system Dutch Electricity Generating Board.  Wind farm consists of 18 wind 

turbines with a capacity of 300 kW each. The biggest noise of wind turbines creates gearbox and 

overall equipment located within the gondola, generates noise at 2dB higher than the blade. Increasing 

wind speed from 3 to 13 m / s and given a corresponding increase in the generating capacity, the noise 

level increases by 10 dB.        
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Fig. 4.1 Graduation of noise levels  

In order to reduce the noise level, they also use "windward" turbines. Their  orientation is with the 

help of a special mechanism for turning the plant actuated by the wind direction sensor - wind vane.    

Table 4.2 Wind turbine noise level compared with other sources of noise according to the American 

Wind Energy Association 

Noise source Noise level, dB 

Jet turbine   140 – 150 

Air hammer  120 – 130 

Industrial facilities  110 

Stereo music  100 

Car cabin  80 – 90 

Office  70 

House (Fridge)   60 

Wind turbine 200 – 250 m from the tower  50 

Urban noise in bedroom  40 

Whisper  30 

Sound of falling leaves  10 – 20 

 

This greatly complicates the construction of wind turbines, but this design is used by all modern 

companies, precisely because it gives off by far less noise. In “windward" design, the basic flow of 

Vacuum cleaner 

Air condition 

Mixer 

Lawn-mover 

Fridge 

Min. distance between 

WT and house is 300 m 
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wind meets gondola and becomes turbulent, giving off pulses of noise. So, today almost all powerful 

wind power plants are windward type.     

4.3 Vibration exposure 

During construction of wind park, machinery at the construction site may have impact, which is 

customary for construction operation.   Measures to reduce the negative impact of construction noise 

are taken by builders by reduction of vibration from equipment and use of dampers [9].    

During the operation of wind plant, the vibration source is moving, parts of wind turbines, namely, the 

rotor blades. Practical calculations have shown that the structure of wind plant does not transmit 

vibrations to the adjacent area, provided that the weight of the stationary part of the plant is by 16 and 

even more times more that the weight of its movable part. The weight of the rotating parts of wind 

plant expected to be installed there is approximately 15tons. The weight of the fixed part of the plant 

(foundation) is 400 tons meaning that the fixed part is more than by 20 times heavier than its running 

gear. Thus, the vibration of individual rotating elements of wind turbines is completely attenuated at 

the base of the tower and will not affect the surrounding area.      

4.4 Interferences to radio waves propagation 

Metal structures of wind power plants, especially the elements in the blades can cause significant 

interference to radio reception. The bigger the wind turbine, the more noise it can create. In some 

cases, in order to address the problem they have to install additional repeaters [9].  

With increasing capacity and increasing size of wind, turbines and their blades became to be   made of 

fiberglass without the inclusion of any metal inserts. These blades are transparent to the television and 

radio signals. The increasing the height of wind turbines over 100 meters and the size of the blades 

over 50 meters, demanded that designers solve the problem of protecting the blades from lightning 

strikes. For this purpose, they began to put aluminum conductors of substantial section within the 

blades in order to drain the current of lightning strikes into the ground. However, this approach has 

led to the emergence of a serious problem because the blades mirror radio and television waves.  

Based on numerous studies we suggest the following remedies: In order to reduce the effects of wind 

turbines on radio and TV transmissions wind farms should be located away from transmitters, at the 

distance, excluding their impact on radio and telecommunication systems (typically, up to 1 km) and 

use radio-absorbing coatings of blades.      

4.5 Atmospheric pollution     

Experts argue that today wind turbine is the only technology to generate energy without negative 

impact on the environment.           

Wind turbines do not produce greenhouse gas emissions unlike any thermal power plants; there is no 

emission of gases that form acid rain and smog, no particulate emissions as from coal-fueled power 

plants.    

For example, the Netherlands plan to install wind farms with total capacity of 1,500 and 2,000 MW by 

2005 and 2010, respectively. By doing so the reduction of NOx emissions will total 3,247 and 4,011 

thousand tons, S02 - 0,665 and 0,763 thousand tons, CO2 - 1, 772 and 2,314 million tons. These figures 

also factor in the prospective development of the country's power generation sector (changes in fuel 

prices, the cost of environmental protection, the introduction of new types of power plants, reduction 

of power generation at nuclear power plants). In Alberta (Canada), each kilowatt-hour produced by 

wind turbines, prevents emissions into atmosphere of 0.935 kg of oxides of carbon, nitrogen and 
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sulfur.  The use of renewable energy sources (including, of course, wind power) in the UK may 

account by the year 2013 for 30% of the country’s total power generation, having reduced CO2 

emissions by 10%.    

The contribution of wind power plants to protection of the human environment depends on its 

capacity and the average wind speed, i.e. the amount of power generated by it during a year.  

 

Fig. 4.2 CO2 emissions reductions in 2050 

Wind power plants with capacity of 1 MW produce annually an average 2.6 million kW/h. This means 

preventing emissions compared to coal power station as follows:    

 Sulfur dioxide - 3.6 t  

 Nitrogen oxides - 10 t   

 CO2 – 2,970 t   

 Particulates – 0.86 t    

This amount of carbon dioxide is absorbed by the forest area of 2.5 km2, so a wind plant in operation 

is continuously expanding forest area in a virtual way.        

According to the Global Wind Energy Council in 2050, this industry will help reduce annual CO2 

emissions by 1.5 billion tons.      

According to the EWEA estimates, wind power plants in the EC in 2009 allowed to prevent CO2 

emissions in the amount of 106 mln tons. Such number of CO2 is produced by 53mln cars on 

Europe's roads. Given that one ton of CO2 costs € 22.6 per ton, wind power plants have earned 

around € 2.4 bln.   

For power plants that do not have emission of greenhouse gases in the process of their operation, such 

as wind power plants, one should consider greenhouse gas emissions from the generation of energy 

used to manufacture them, during transportation, installation, maintenance and disposal. This is called 

"life-cycle emissions”. In other words, we must consider the entire life cycle of the product and take 

into account the processes that are associated with the emission of CO2.  

According to EWEA data, it is enough for wind power plants to work for three to six months to have 

developed the amount of electricity that was spent for their production, construction, installation and 

disposal. At this stage, it will be possible to prevent emissions equal to the amount of emissions on the 

preliminary stages.    
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Table 4.3 European wind energy goals to reduce CO2 emissions:   

* price € 25/t CO2   

** Price € 90/barrel of oil       

    2010 2012 2020 2030 

Prevention of CO2 emissions, mln t 108 165 328 575 

In % of EU-27 according to Kyoto protocol 24 37 44 - 

Annual cost* of prevention of CO2 

emissions, bln euros 
2.7 4.1 8.2 14.4 

Annual cost** of prevention of CO2 

emissions, bln euros  
6.1 10.4 20.5 34.6 

 

During its lifetime of 20-25 years, a wind plant generates 80 times more electricity than was spent 

during its life cycle, starting from production of its components and accessories.  

Wind power plants have the lowest "life-cycle emissions" of all energy technologies.  

4.6 Land use   

Wind power plants occupy only 1% of the entire wind farm area. Wind park itself needs 200-400 

square meters, plus access road, the length of which depends on the overall layout of roads. On 99% 

of the wind farm area it is possible to cultivate land or engage in other activities.   

If a wind farm is located on fertile land, the spaces between the wind power plants are used for their 

intended agricultural purpose. In the U.S. and Europe (Denmark, Netherlands, Germany) it is a 

thriving business - farmers rent out their land to wind farms as they continue their core agribusiness 

growing crops and livestock. Moreover, rent agreements provide for 100% restoration of land after 

expiry of life of the wind farm.    

Foundation of wind power plants is about 10 m in diameter and it is usually located completely 

underground, thus allowing to extend the agricultural use of land almost to the base of the tower. The 

land is leased, allowing farmers to earn extra income. In the U.S., the rental price of land for one 

turbine is $ 3000 - $ 5000 per year [19].    

During the operation of wind farm, wind turbines will be visible from a considerable distance. If the 

turbines are located between the observer and the sun, especially in the early and late hours and in the 

winter, when the sun's rays strike at a small angle, the rotation of their blades may produce a 

stroboscopic effect of flicker shadows that revolving rotors cast on the ground or onto other objects. 

But even under the most adverse conditions, shadow flicker will occur only for a short time.        

4.7 Visual impact     

The visual impact of wind turbines is subjective factor. In order to improve their appeal to the eye 

many large companies use professional designers. Landscape architects are involved in visual studies of 

new projects.  

According to the survey published by Danish company AKF, the cost of noise and visual perception 

of wind turbines is rated less than 0.0012 euros per 1 kW/ h. The survey was based on interviews with 
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342 people living near wind farms. Local residents were asked how much they would pay to get rid of 

the wind farm in their neighborhood.          

In 2007, Eurobarometer conducted research and confirmed that wind power plants were regarded in a 

positive way by 71% of EU citizens; 93% in Denmark; 88% in Greece; 83% in Cyprus. Only Solar 

energy alone is supported on average by 80% of EU citizens, while gas-fired power plants are 

supported by 42%, coal-fired power plants – by 26%, and nuclear plants – by 20%.    

    

Fig. 4.3 Existing and prospective power plant designs  

4.8 Tourism and recreation areas  

Wind energy development can have a significant impact on the attractiveness of a site for tourism and 

recreation. Usually, it is typical for wind farm designs, since the sight of many wind turbines can either 

attract or repel tourists. In these cases, you must take into account public opinion on such projects.  

For example, according to the British Wind Energy Association, the first commercial wind farm in 

Delabol, during the first 10 years of its existence, received 35,000 visitors. In Scotland, 80% of tourists 

are willing to visit wind farms. A similar situation is in other countries.      
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5. Economic aspects of wind power plants   

According to the estimates of the European Commission, increasing the share of renewable energy in 

the total power generation up to 20% by the year 2020 will mean 2.8 million new jobs, mostly in the 

wind power sector.  In Europe, the wind power industry employs 190,000 people. European 

Commissions are the world’s leaders in the wind power sector, having provided 60% of the global 

wind energy market in 2008. In addition, it encourages to invest in Europe because foreign markets are 

less stable [9].    

The increasing price of fuel and carbon dioxide emissions boosts the competitiveness of wind power, 

because it does not depend on the price of fuel or the price of emissions. Wind power may cause the 

decrease in electricity tariffs by influencing the competitiveness of the electricity market.       

 

Fig. 5.1 Dynamics of changes in the unit cost of wind power plant 

Thus, the available forecasts for energy sector development in the twenty-first century clearly show 

that the role of wind energy will increase. 

5.1 Development of wind power projects 

During the development phase of wind power project, it is necessary to develop and outline concepts 

in the following areas / components of a wind power plant [15]: 

 accommodation and associated restrictions arising from: 

 ownership of land plots; 

 availability of sites; 

 environmental issues (noise, shadowing effects during construction) 

 wind potential and promising power generation; 

 choice and availability of wind turbines; 

 the layout of the wind energy center, location of micro components on the site (location of 

turbines);  

 access roads; 

 connection to power line and electrical part of the project of wind energy center;  

Area of economic 
decisions 

Wind turbines 

Biomass 

Photovoltaics 
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 installation of wind turbine (availability of equipment).  

5.1.1 Development of the project – Location      

For development of location for  wind power plant project it is necessary to [9]: 

 determine areas with high average wind speeds on the national wind potential map;    

 check the availability of power grid in the region and its power transmission capacitance for 

the input of additional electricity;   

 check restriction areas and constraints, such as conservation areas and national parks, airports 

and their neighborhood, residential areas and tourist areas, etc.; 

 check the situation of land ownership and the willingness of the owner to rent it;  

 check availability of roads;  

 transfer planning to the micro level.  

 

5.1.2 Wind potential assessment 

Standard wind potential assessment for wind energy includes [34]:   

 measurement in the surrounding areas or mesoscale modeling data for pre-feasibility study.     

 measurement of the wind speed at the site for at least 12 months at different altitudes, 

temperature measurement.  

 long-term comparison with the data of nearby weather stations.  

 calculations of maximum wind conditions.  

 evaluation of turbulence.  

Research according to industry standards should be carried out by a consultant with good 

reputation in all the above areas.      

Standards: IEC 61400-12;  

                MEASNET recommendations.   

5.1.3 Mesoscale modeling        

Mesoscale modeling uses satellite data describing the geostrophic wind (high wind) and simulates the 

wind conditions near the surface of the earth for applications in wind power sector.   

The model takes into account the cover of the earth's surface and uses the transformation equations of 

mass and energy and the hydrodynamic equations.  

Specialized companies produce wind potential maps for most countries, and such maps can display 

detailed wind conditions for specific placements.   

Mesoscale data do not replace anemometry, but represent a good basis for a pre-feasibility study.       
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Fig. 5.2 Wind map of Russian Federation 

5.1.4 Anemometry 

Wind measurements at the site must be carried out at least for 12 months.   

Calibrated sensors at various heights: 

 No obstacles.  

 Measurement according to standard IEC 61400-12.  

 

          

Fig. 5.3 Preferred measuring set                                        Fig. 5.4 Alternative measuring set.   

5.1.5 The layout of the wind farm 

The layout of the wind power plant is designed and optimized with the following considerations [7]:  

 The minimum distance between turbines (taking into account turbulence) - commonly used 

empirical rule allows for a minimum distance equal to five diameters of the rotor in the main 

wind direction and three diameters of the rotor in the direction perpendicular to the main 

wind direction;  

 Maximization of energy production; 

 Roads and access; 

 Bearing in mind electrical connections and access to power grid;   
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 Minimized shading and noise in sensitive areas;   

 Availability of land and permits.   

 

 

Fig. 5.5 Layout of wind turbines in a wind park  

5.1.6 Choice of turbine  

 

Fig. 5.6 Scheme of wind turbine selection 

5.1.7 Power curve   

Power curve of a wind turbine shows the relation of wind speed to the energy produced by the wind 

turbine generator. It is measured according to IEC standard IEC 61400-1 [37].  

▪Maximizing output 
▪Minimizing costs 
▪Restrictions: Aspects of 
environmental safety and land 
availability 
▪Shading and noise   

Study of Wind Patterns 

Restrictions (max height, borders), the initial layout 

IEC classification 
▪Average wind speed 
▪Wind speed limit 
▪Turbulence  

Commercial terms 
▪Availability on the market 
▪Time of delivery 
▪Contract terms 
▪Price 

Selection of wind turbine (2-4 models)   

 
For selected wind turbines – layout of micro components on the site, including:  
▪ Layout optimization 
▪ Adjusted calculation of energy output (full assessment of energy output)   
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Design power curve for the new models, prototypes, is shown in the Figures 5.7, 5.8.   

        

Fig. 5.7Power curve for Turbine WTG01                            Fig.5.8 Power curve for Turbine WTG02 

5.1.8 Evaluation of energy production – Uncertainties  

Current estimate of energy production should contain a full analysis of the uncertainties – see  ISO 

Guide 98 (Manual of the International Organization for Standardization), IEC 61400-12 (International 

Electrotechnical Commission), Recommendation FGW (German Society for Promoting Wind Power) 

Table 5.1 An example of results of assessment of uncertainties 

Item Uncertainty (%)  

Measurement of wind parameters, calibration of anemometer and data 
collection  

4 

Long-term stability and representativity of data obtained from weather station  3 

In the long-term correlation – seasonal shift  0 

In the long-term correlation – methodical variance, wind statistics and 
discretization / accumulation  

4 

Transfer from measurement level to the level of the rotor hub  6 

Transfer to planned location of turbines (terrain model, wind model and 
coordinate mapping)  

6-8 

Power curves  3-5 

Loss wake   2 

Air density  1 

Availability factor  1.5 - 3 

Glaciation  0.5 

Transmission line losses, downtime due to line and substation failure  1.5 

Total 12.4-13.1 
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5.1.9 Access roads  

Minimum requirements for the roads are usually specified by the manufacturers of wind turbines in 

relation of the minimum width on straight roads and turns:  

 minimum internal and external turning radius;  

 clearance along entire road surface; 

 axle load; 

 necessary area for cranes and storage.  

5.1.10 Electrics  

Today natural gas from the field to the consumers is delivered through extensive network of pipelines, 

which use intermediate compressor stations maintaining high (about 7MPa) gas pressure. The distance 

between adjacent compressor stations for gas mains is 110 – 120 km. At present, the most typical 

solution is compressor stations driven by the gas turbine fueled by pumped natural gas, which ensures 

high autonomy of the entire system of gas pipeline network. However, the use of pumped gas to drive 

the compressors leads to an inevitable loss of gas, which is for the pipeline length of 3.5-4.0 km may be 

up to 12-13% of the amount of pumped gas, or in money terms results in a loss of over $900 million a 

year.    

Indeed, the gas consumption needed to drive the turbine compressor stations (GTCS) on pipelines 

with diameter of 1420 mm and total length of 3.5 - 4.0 thousand km is, depending on the mode of 

operation (the compression ratio ε at compressor station) from 4 - 4,2 billion m3 / year with ε = 1,4 - 

1,45 (pumped volume of 32 billion m3 per year) up to 2.5-2.6 billion m3/year at ε = 1,28 - 1,32 

(pumped volume of 28 billion m3 per year),   representing, respectively, 13 and 9% of the volume 

pumped. To make it more definite let us take high compression mode ε = 1,4 - 1,45 providing higher 

throughput of the pipeline. In this case, operating costs of the compressor station due to the gas 

consumption for its own needs alone, given the export price of $350 / 1000 m3 will amount to $ 1,400 

– 1,470 million per year for entire pipeline, or, given the number of line CS (LCS) 29-36 for the 

pipeline length of 3.5 - 4.0 thousand km such costs will amount to $39 - $51 million per year for a 

single LCS. Since the necessary electrical power to drive the LCS is about 10MW, the above costs per 

installed electricity capacity shall be $3,900 – $5,100 per year per 1 kW [.   

So, it would be reasonable to consider replacement of the turbine drive of compressor stations with 

alternate drive, for example, powered by renewable energy sources, primarily wind energy. For a 

preliminary assessment of the cost-effectiveness of the proposed technical solutions, on average, we 

may assume that the replacement of gas-turbine drive of LCS with alternative drives, for example, 

from wind turbine, without using gas for pumping needs, the specific annual gas savings are, 

respectively, 13 and 9% of the volume pumped. To be more definite let us take high compression 

mode ε = 1.4 – 1.45 providing higher throughput of the pipeline. In this case, In this case, operating 

costs of the compressor station due to the gas consumption for its own needs alone, given the export 

price of $350 per 1000 m3 will amount to $1,400 -  $1,470 mln per year for entire pipeline, or, given 

the number of line compressor stations (LCS) 29-36 for a pipeline 3.5 - 4.0 km long,  $39 - $51 million 

per year for a single LCS.   Since the necessary electrical power to drive the LCS is about 10MW, the 

above cost per installed electrical capacity is $3,900 – $5,100 per year per 1 kW. So naturally there is a 

question of replacing the gas turbine drive of compressor stations with an alternative drive, for 

example, powered by renewable energy sources, in the first place – wind energy.   

For a preliminary assessment of the cost-effectiveness of the proposed technical solutions, on average, 

we may assume that the replacement of gas-turbine drive of LCS with alternative drive, for example 
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wind, without the use of gas for the needs of pumping, the specific annual gas savings will amount to 

about $4,500 per kW per electric motor of LCS.    

Wind turbines are usually connected to each other at the level of medium voltage, and then attached to 

the central wind farm substation.  

Most wind turbine produce electricity with a voltage of 690V, which is further increased to an average 

voltage through a step-up transformer.    

Then the substation can step up voltage to the level of high voltage, according to its level at the point 

of connection to the power grid.   

Cable lines are optimized so as to minimize the loss of energy - on the one hand, and to prevent cost 

increases on the other hand.  

Wind turbines are usually connected in chains, up to 6 turbines in each chain.  

Today, Russia already has regulatory guidelines developed by VNIIGAZ where wind turbines have 

already been mentioned as additional source of energy to power line consumers of main gas pipelines.    

5.1.11 Accumulation of wind energy    

The problem of energy storage is one of the most important ones, not only in energy sector, but also 

in the economy (as well as science) in general. It still has not been solved completely. Inability to 

effectively maintain and store the received energy is particularly detrimental to the development of 

such relatively "clean" methods of production of renewable energy, such as hydropower, solar power 

or wind power. After all, we still are not capable of providing guaranteed amount energy to consumers 

from such sources due to apparent diurnal and seasonal fluctuations plus some barely predictable 

variances of their output.   

For storage of wind energy the following ways have been developed [5, 7, 18, 38]:   

 Methane project. German scientists have developed a technology in which the excess 

electricity produced by solar or wind power and unnecessary at this point is converted to 

methane. The obtained gas can be stored indefinitely and utilized, as the need arises, by the 

existing natural gas infrastructure.   

 Water alternative. One of the earliest devices to store energy is pumped storage power plant 

(PSPP). This is a type of hydro power plants specifically designed to align the heterogeneity of 

daily electrical load. PSP uses an array of electrical generators and electric pumps or special 

reversible hydro plants capable of operating as a generator, and the pumps. During the low 

power consumption, the PSP gets cheap electricity from power grid and uses it to pump water 

upstream, acting as a pump. During the morning and evening peaks of power consumption, 

PSP releases water from the upper pool to the bottom pool generating expensive "peak" 

power, which is fed to the grid, acting as a generator.      

 Energy can be stored in the refrigerator. Relatively recently it was proposed to save energy by 

changing the temperature in large cold stores, which requires little capital expenditure. A team 

of researchers from the Universities of Bulgaria, Denmark, Spain and the Netherlands 

developed the project "Night Wind" aimed at creating the European energy storage systems of 

wind power based on elements of existing infrastructure. The idea is simple: At night, when 

electricity demand falls, and wind turbines are working, they produce electricity, which is 

proposed to spend for lowering the temperature in existing refrigerators of major foodstuff 

warehouses.  According to the estimates, it is enough to reduce the temperature by just 1°C in 

comparison with the standard normal temperature. In other words, energy will be stored in the 



 

Ekaterina Tikhomirova KTH Industrial Engineering and Management 
 

59 

process of cooling many thousands of tons of various foodstuffs, which will be stored in a 

routine way somewhere in Denmark, the Netherlands or France. During the day, when 

electricity demand is growing many times, all these giant refrigerators can be simply unplugged 

until the temperature there gradually rises by 1°C returning to the standard temperature. 

Although refrigerators themselves, even the most huge ones, of course do not generate any 

electricity, such temperature fluctuations by only one degree Celsius per day, if occurring at all 

large refrigerated warehouses in Europe, by estimates of the authors of this project would be 

equivalent to the input of 50 GW/h super battery in the power grid.      

 American company «Magnum Energy NA" is going to use underground caves 1.5 km deep for 

the storage of liquefied air used to generate electricity. It is expected to create the storage 

facility near the town of Delta, Utah, where are vast underground reserves of salt, which are 

planned to be washed out with special equipment. At the first stage, it is planned to arrange 

for the storage of natural gas produced in the nearby Rockies. Having established the 

technology, the company will begin to create a repository for air. According to the authors of 

the project, the compressed air can be considered one of the cheapest ways to store energy. 

For example, on a clear day, solar power plant will produce a surplus of electricity. It will be 

used to compress and pump in air. When electricity is needed, the air will be used to turn 

turbines. Thus, the inventors hope to overcome a major difficulty barring the widespread 

introduction of wind power plants – unstable generation of electricity and, therefore, the 

problem of storage and conversion of energy generated by them. However, for now the 

amount of energy stored this way is small - up to 25 kW/h at maximum power up to 200 kW. 

By estimates of developers, the loss of energy stored and withdrawn from these accumulators 

does not exceed 2%, which is much better than the efficiency of energy storage systems based 

on different principles (e.g. the abovementioned PSP, chemical batteries, etc).   

 Many experts still consider flywheels as a very promising device for energy storage. Talk about 

them has been going on for decades. But only recently they developed really workable projects 

that demonstrate these energy accumulators in practice. Modern super flywheels with wound 

carbon fiber have a specific energy consumption of up to 130 watt-hour /kg. This is 

somewhat inferior to the best performance of lithium-ion batteries, but flywheel-based 

accumulators have some advantages: they are much cheaper, more durable and safer (not only 

for the health of service staff, but, equally important, for the environment).   

Specialists of American company “Beacon Power” developed a set of stationary super flywheels 

intended for connection to industrial power grids. They are made from a large number of layers of 

heavy-duty composite materials based on carbon fibers that can withstand enormous loads allowing in 

a high-vacuum media increase their speed up to 22.5 thousand turns per minute. Magnetically levitated 

flywheels rotate inside cylindrical containers about 1 meter high (new models will be surpass human 

height), within which vacuum is created. Weight of this structure can reach 1ton.    

On a steel shaft of flywheel (inside hermetic cylindrical steel casing) is rotor of reversible electrical 

machine – motor/generator on permanent magnets, which spins the flywheel thus storing energy, or 

releases it, producing an electric current when load is connected.   

Design life of such structure is 20 years, and the range of operating temperatures is from -40°C up to 

+50°C; it can withstand an earthquake with a magnitude of up to 7.6 on the Richter scale, in other 

words, has the characteristics that today are completely out of reach for existing chemical batteries.        

5.2 Current market conditions   

Delivery and installation time   
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 5-8 months only for wind turbine depending on the manufacturer of wind turbines and 

generators.  

 4 weeks for each foundation + 4 weeks for aging of concrete 

 1 week for installation of each wind turbine  

Commercial terms   

 Down payment is usually made in the amount of 10-15% 

 The warranty period of liability for defects in the turbine is 18-30 months (may be extended 

under service contract) 

 Liability under the contract amounts to 20-30% of the total contract value 

 Liability for the degree of availability under service contract cannot exceed about 5-10% of the 

total annual income 

Pricing 

 Contract prices range from €1,000-1,100 / kW only for wind energy converter  

 +10 / -20% for transportation and installation   

  

5.3 Project costs 

Economics of the project of wind energy converter depends on many factors, including wind speed, 

the size and cost of wind energy converter, interest rates, taxes and electricity prices.  

Investment costs play a major role in determining the economics of the project and, in most cases, 

based on the cost of the wind turbine.      

 

 

 

 

 

Fig. 5.9 Structure of costs of typical wind power project 

Costs allocation of onshore wind farm 

 

Investment costs of the project for 2010: 
Offshore wind farm - $4,000 / kW  
Onshore wind farm - $2,000 / kW  
 

 

Turbine - 65% of the costs 
Tower and blades - the key cost 
components   

Turbine division of value 
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Fig. 5.10 Structure of costs of wind power project  

5.4 Operation and maintenance costs 

Operation and maintenance costs account for the bulk of costs associated with wind power projects 

(after investment costs). They may have critical importance to the economic viability of the project.       

 

 

Fig. 5.11 The structure of costs for the operation and maintenance 

Maintenance contracts can be signed with manufacturers of wind turbines at a predetermined price and 

for long time in order to minimize the risks associated with the project [9].  

In addition to standard services, costs for insurance, administration and land lease are added.  

Repair costs can be kept to a minimum by careful design and selection of the turbine project.   

5.5 The cost of energy 

The normalized cost of energy (NSE) is calculated based on investment and operating costs, as well as 

energy production under the project.  

Cost of one project (488 projects - total of 34,616 MW)   

Capacity-weighted average cost of project   

Polynomial trend line    

Source: 
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It can be compared to the sales price per kW∙h for the purpose of assessing the viability of the project.     

 

 

Fig. 5.12 The cost of energy 

5.6 Determination of the cost of electricity production at a wind farm 

In 2007, on the ground in areas with low to medium average annual wind speeds the cost was 6-8 euro 

cents per kW∙h, and in areas with good wind speed - 4.5 euro cents per kW∙h.     

The general trend is that the cost is reduced, depending on different circumstances other than the 

value of annual average speed of wind. Therefore, when doubling output of wind power plant the cost 

of electricity production dropped from 9% to 17%.   

Over the past twenty-five years, the cost of wind power has decreased on average in the world from 30 

US cents to 5 US cents per kW∙h. On many wind turbines installed in the U.S. and Europe, it was 4 

cents / kW∙h. But in the last 3 years there has been a slight increase in the average cost due to massive 

construction of the "sea" wind farms. It is worth mentioning that in power plants that use fossil fuels 

the cost of electricity is increasing and they forecast its steady growth in other types of power plants.      

Cost reduction has occurred with increasing the unit capacity of wind turbines. Since the mid 80's, the 

cost of electricity from wind power plants with the capacity of 95 kW was 9.2 cents per kW∙h, and the 

cost of generation of electricity on wind power plants with the output of 2 MW currently is 5.3 euro 

cents per  kW∙h.      

In 2011, on average-capacity wind farm (1.5 MW – it is average capacity by Western standards) the 

production cost ranged from 5 to 6.5 euro cents per kW∙h. To compare, the European Commission 

has found that the cost of electricity from gas-fired power stations with combined operation cycle 

would equal 3.5 - 4.5 euro cents per  kW∙h, and on coal-fired plants with combined cycle it would be 4 

- 5 euro cents per kW∙h. But this data does not take into account fluctuations in fuel prices and 

emission charges.    

In 2010, the International Energy Agency (IEA) published World Energy Outlook (World Energy 

Review with the forecast of the cost of electricity generated by a power plant: Wind power plants and 

coal/gas-fired power plants in 2015 and 2030. According to these predictions, in 2015, electricity from 

coal-fired plants will cost €82 / MW∙h, from gas-fired - € 101 / MW∙h and from wind power plants -   
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€ 75/MW∙h, at the cost of CO2 emissions as follows: $30/MW ∙h from coal-fired plants and 

$15/MW∙h from gas-fired power plants.    

It is clear that, since there is no charge for the wind farm fuel and emissions of CO2, the prediction of 

the price of power generated by wind turbine is most reliable.   

It must be remembered that the electricity from fuel power plants causes by far greater "external costs" 

than from wind power plants.  

According to the forecast of International Energy Agency (IEA) made in 2008, with the payment for 

the CO2 emissions from coal-fired stations equal to $30/MW∙h and from gas-fired stations - 

$15/MW∙h, the cost of electricity from wind power plant will be lower than the cost of electricity 

generated by coal-and gas-fired plants.    

In terms of figures, the forecast looks as shown in the Table 5.2.  

Table 5.2 Cost of electricity generation for different types of power plants (IEA forecast)    

 

Type of power plant 

Cost of electricity, Eur/MW∙h 

2015  2030  

Coal-fired 83 79 

Gas-fired 101  113  

Wind turbine 75  68  

 

Wind power generation is competitive right now, if the cost of energy generated by thermal and 

nuclear power plants is included charges for CO2 emissions and external public costs for healthcare 

and the recovery of negative impact on the nature of thermal and nuclear power plants. It is also 

necessary to equal public subsidies to traditional energy sector and sustainable energy sector.    

5.7 The cost structure for the construction of wind farms  

The cost structure for the construction of wind turbines of average output (850-1500 kW), based on 

data from Germany, Denmark, Spain and Great Britain in 2001 - 2002 is presented in the Table 5.3.   

As can be seen, the cost of wind power plant itself accounts for around 74-82% of the total cost of its 

construction and "other costs", that is, the costs of building a wind farm, the most expensive items are 

the cost of construction of the foundation and the cost of connection of the wind power plant to the 

power grid.           

Table 5.3 The structure of cost for the construction of wind power plants of average output (850-1500 

kW) 

Cost components 
Share of the total 

cost, % 
Share in other 

costs, % 

Wind turbine (factory price)  

Including transportation and installation  
74-82 - 
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Foundation   1-6 20-25 

Electrical equipment   1-9 10-15 

Connection to the grid  2-9 35-45 

Consulting   1-3 5-10 

Ground   1-3 5-10 

Financial costs   1-5 5-10 

Road construction   1-5 5-10 

 

The cost structure for the construction of wind power plant with the output of 2 MW (the average 

statistical data for Europe) is shown in the Table 5.4. This data can be taken as the benchmark 

valuation of the cost of a wind farm.     

Table 5.4 The cost structure for the construction of wind power plant with the capacity of 2 MW     

Components 
Average cost 

Eur/kW 
% of total cost 

% of cost of wind 
power plant 

Cost of turbine including 
transportation  

928 75,6 100 

Foundation  80 6,5 8,62 

Electrical appliances  18 1,5 1,94 

Connection to grid  109 8,9 11,75 

Control systems  4 0,3 0,43 

Consultations  15 1,2 1,62 

Land  48 3,9 5,17 

Financial support  15 1,2 1,62 

Road  11 0,9 1,19 

Total  1228 100 132,33 

 

5.8 Cost structure per design element of onshore wind power plant  

 According to the NREL (National Renewable Energy Laboratory of the U.S.) the cost 

structure per elements of wind turbine for wind turbine of 1.5 MW, rotor diameter of 70 m and the 

tower 65 m high is shown in the Table 5.5.  

Table 5.5 Cost structure per elements of 1.5 MW wind turbine (according to NREL data) 

Components Cost, $ thousands % of wind power plant 

Rotor  237 22,9 
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Including blades  152 14,7 

Drive mechanism and cabin  617 59,5 

Including:    

         Reducer  153 14,8 

         Generator  98 9,5 

         Electronic meter of rotation 
speed  

119 11,5 

          Main frame  93 9 

          Electrical devices and 
cables  

60 5,8 

Control, safety and automation 
systems   

35 3,4 

Tower  147 14,2 

Cost of wind power plant  1036 100 

 

5.9 Cost structure of marine (offshore) wind farms 

According to Riso DTU (Denmark), the average value of the components of two marine stations per 1 

MW of installed capacity is shown in the Table 5.6.  

According to the American Renewable Energy Laboratory (NREL) the cost structure per elements of 

3.0 MW wind turbine with diameter of rotor 90 m is shown in the Table 5.7.  

Table 5.6 The average cost of the components of the two marine stations per 1 MW of installed 

capacity (according to Riso DTU)    

Types of costs 

Investments 

Thousand 

euros 

In % of the 

total 

Wind turbine at the factory, transportation and installation  815 48,5 

Transformer substation and cable to onshore substation  270 16,1 

Internal connections of wing power plant to marine substation  85 5,1 

Foundation  350 20.8 

Project and design supervision  100 5,9 
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Analysis of impact on the environment (environmental section of 
the project)  

50 3 

Other costs  10 0,6 

Total  1680  

Capital expenditures per unit  1680 €/kW  

 

Table 5.7 Cost structure per elements of wind power plant with the output of 3.0 MW (according to 

NREL data)   

Components Cost, $ thousands % of wind power plant 

Rotor  477 17,7 

Including blades  319 11,8 

Drive mechanism and cabin  1425 52,8 

Including:    

Reducer  408 15,1 

Generator  211 7,8 

Electronic meter of rotation 
speed  

266 9,8 

Main frame  166 6,1 

Electrical devices and cables  150 5,6 

Control, safety and automation 
systems   

60 2,2 

Tower  415 15,4 

Mechanisms for transportation 
of turbine and tower 

321 11,9 

Cost of wind power plant  2698 100 

 

5.10 The unit cost of wind farms compared to conventional power 

plants 

Table 5.8 Existing and projected values of capital investments in power plants of various types   

Type of power plant 
Capital investment, $/kW 

2005 2030 

Traditional hydro energy   1550-5500 1550-5500 
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Nuclear power plants    1500-1800 1500-2300 

Coal-fired power plants   1000-1200 1000-1250 

Gas-fired power plants   450-600 400-500 

Onshore wind power plants  900-1100 800-900 

Offshore power plants   1500-2500 1500-1900 

 

Table 5.8 shows existing and projected values of capital investments by estimates of the International 

Energy Agency (IEA).  

As you can see, reduction of unit cost is projected only for wind farms and thermal power plants on 

gas.  

5.11 Ways to reduce the cost of electricity production on wind farms 

(Feed - In - Tariff and emissions trading) 

The European CO2 emissions trading system (Emission Trading System-ETS) covers 10,000 

companies with high CO2 emissions: Production of electric and thermal energy, oil refineries, steel 

production, cement production, glass, brick, ceramics, and paper production. They can buy and sell 

CO2 emission permits. ETS establishes how much CO2 these big companies can release. Companies 

with CO2 emissions higher than allowed, can buy part of the standard amount from companies that 

have unused emissions credits. Companies also have the ability to either improve their core production 

processes, or build or participate in the construction of wind farms, solar, small hydro power plants, 

that is, facilities with zero emission of CO2 [9].   

For example, in the production of one megawatt/hour of electricity at a coal plant, CO2 emissions are 

about one ton, and at a gas-fired plant, they would amount to about half a ton. If these power plants 

have to pay for CO2 emissions (buy credits from WEC), a wind farm becomes competitive.      

In Europe, many forms of subsidies are used to support generation of electricity from renewable 

energy sources. However, the most common mechanism of support is the feed-in-tariff (FIT). FIT is 

an economic mechanism designed to support the implementation of the policy.  

For wind energy it typically includes: Guaranteed access to power grids, long term contract (15-20 

years) for the production and the selling price of electricity based on the cost of electricity generated on 

wind turbine.   

FIT requires that regional or national power systems buy electricity from power plants on the basis of 

renewable energy sources. This tool makes it possible to develop renewable energy sector, while 

investors are guaranteed a return on investment.    

Since 2009, the FIT system operates in the following countries: Austria, Belgium, Cyprus, Czech 

Republic, Spain, Sweden, Switzerland and the UK.  

5.12 Prospects for the development and use of wind energy 

In the world are 11 states in which the power of wind turbines is over 1 million kilowatts, of which 

seven are in Europe. European countries account for over 70% of global installed capacity of wind 

turbines.  
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In Europe, an important factor in the development of wind energy will be the opening of the market 

of coastal (offshore) wind turbines. However, the intensive development of the industry in emerging 

countries will depend on the stability of the political situation.      

Denmark is the leading country in the world in production and export of wind turbines, including to 

the United States. In 2010, the Danish wind turbines generated up to 10% of total electricity produced 

in the country. In Germany, in 2012, the total capacity of wind turbines is 500 MW supplying 0.2% of 

the country's demand in electricity. In the UK, wind power is also recognized as one of the most 

promising sources. Governmental program on wind energy envisaged to increase the capacity of wind 

turbines by 2011 to 600 MW, produce through wind energy 10% of all electricity consumed in the 

country; further increase this figure to 20%. Some other countries such as Spain, Portugal, Belgium, 

Switzerland, Greece, and Finland are also active in exploring wind energy [2].    

India developed the program which is set to achieve by 2012 the total power of wind turbines equal to 

5 thousand MW. China expects to reach by 2012 the capacity of wind power sector equal to 100 MW.   

Sooner or later, we will realize that it is important to reduce the emission of CO2 in Russian economy 

as well, because by reducing CO2 emissions we mitigate the damage from acid rains, primarily to 

agriculture, and decrease disease incidence in people, that is, reduce healthcare costs, to be more exact, 

reduce the need for investments in healthcare that are not currently met.    

It is fully topical for Russia to create additional jobs in mechanical building industry and in parts of the 

Russian Federation where wind power plants will be installed.     

And finally, it should be understood that the development of wind energy in Europe represents a real 

threat of decreasing our oil and gas exports there. Appropriate response could be active involvement 

Russian oil and gas companies in development of wind energy sector. Such diversification of their 

activities may well compensate for the decline in exports. Compensation for reduction of exports by 

raising domestic prices for oil and gas is a disastrous way for the country as a whole, since it leads to 

non-competitive economy. And these processes (reduction of energy exports to Europe) are not a 

distant perspective. By the year 2015, solar energy will have a share comparable with that of wind 

energy within entire energy balance.      

Few people know that in Russia all types of energy in the new millennium enjoy state support under 

various pretexts, despite its actual privatization. Annually. Russian state budget allocates tens of billions 

of rubles (more precisely, $15-20 billion) for the construction and safety of nuclear, thermal and 

hydroelectric plants. Sadly, in doing so the state's share in energy companies does not increase, which is 

another paradox of privatization. When it comes to renewable energy, the direct government support 

becomes an argument of its inefficiency. As you can see this is absolutely not true, much more so 

because at the first stage there should be direct support of wind energy in the amount of $2-3 billion 

per year, which will help the industry to gain a foothold in the electricity market. Everybody knows 

that this requires appropriate support measures ranging from lower taxes to direct investment.    

In order to facilitate the integration of wind farms to the power grid, firstly it is necessary to ensure 

non-discriminatory rules for their connection to the power grid. It must be considered in the contracts 

for the supply of electricity generated by wind turbines that supplier cannot 100% guarantee on the 

daily and monthly basis the consistent amount of supplied power because wind energy is random and 

has certain percentage of probability. Experience of operation of wind power plants in Germany and 

UK, for example, has shown that during a year there may be fluctuations in the output (to be more 

exact, vibrations of average annual wind speed) within ± 10% of the average value.   Therefore, the 

new system of restructured energy sector needs to consider this objective factor. Primarily, it is 

necessary to introduce wind farms to the local, rather than wholesale electricity market.      
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As you may know, in October 2007, amendments were made to the Federal Law No 35 - FZ "On 

Electrical Energy Industry", which sets forth certain incentives and state support of wind turbines. In 

particular, it provided to introduce in 2008 some regulations on connection of renewable energy power 

plants to public power networks and use allowances to the tariff for electricity generated at such power 

stations. However, to date, a package of necessary regulations has not been developed, and in Russia, 

no incentives encouraging the use of renewable energy including wind energy are in place. Based on 

experience of other countries implementing a wide range of activities, both at the state level and at the 

level of local authorities, we would recommend to implement all of the following activities, which are 

in place in countries with successfully developing renewable energy sector.    

So, at the level of state, foreign countries take the following measures, which can be successfully used 

in Russia:    

 Tariff authority must establish fixed tariff for up to 5-6 years on electricity generated by wind 

turbine, ensuring simple payback of construction of wind turbines within 4-5 years.       

 Subsidies per kW∙h of generated electricity (in the form of direct payment or tax credits). In  

Canada they pay 1 cent per kW∙h and in U.S. they apply 2.5% tax credit per kW∙h.      

 Investment subsidies (grants, loans, favorable tax benefits) to compensate for higher specific 

capital investments; during the construction of renewable energy facilities for general and 

individual use.  

 Establishing a standard requiring manufacturers or distributors of electricity to produce a 

certain share of electricity based on renewable sources of energy or on their own, or by the 

purchase of "green certificates".     

 Introduction into tariff for electricity generated by firing fossil fuels an additional charge for 

harmful emissions.    

 Authorize to energy groups to introduce for buyers of energy a special increased tariff "green 

energy" as an instrument allowing the participation of population in voluntary co-financing of 

renewable energy facilities.  

 Measures to encourage investors facilitating access of investors to low interest loans.    

 Setting national goals for wind farm power input by 2010, 2015 and 2020.    

 Development and adoption of a program to provide financial support for achieving the 

objectives set by Russian government, such as input of 1000 MW by 2015.   

 Establishment of accelerated depreciation of equipment used in renewable energy sector.    

 Development of program of market incentives as "Action Plan On Climate Change", which 

sets targets for reducing greenhouse gas emissions from power generation activities.     

 At the level of the Russian Federation the following measures can be implemented:  

 Active support for the establishment and control of tariffs for electricity generated by local 

wind farms, providing for payback of 3-4 years; ensuring non-discriminatory connection of 

renewable energy facilities to public power networks.   

 Requiring that local energy producers generate certain part of it from renewable sources.    

 Decrees of governments of administrative districts of Russia requiring to provide a share of 

electricity consumed by municipal users through the "green energy" (i.e. at higher tariffs), 

taking the lead in voluntary co- financing of renewable energy facilities, as an example for 

companies and individual owners.    

 Reduction of local taxes   

Measures proposed above do not exhaust all possible support measures. You do not need to introduce 

all of them at once. At the first stage, it would be enough to develop two or three major economic 

plans and the same number of organizational and political events.    
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